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Abstract Our Sun and planetary system were born about 4.5 billion years 
ago. How did this happen and what is our heritage from these early times? This 
review tries to address these questions from an astrochemical point of view. 
On the one hand, we have some crucial information from meteorites, comets 
and other small bodies of the Solar System. On the other hand, we have the 
results of studies on the formation process of Sun-like stars in our Galaxy. 
These results tell us that Sun-like stars form in dense regions of molecular 
clouds and that three major steps are involved before the planet formation 
period. They are represented by the pre-stellar core, protostellar envelope and 
protoplanetary disk phases. Simultaneously with the evolution from one phase 
to the other, the chemical composition gains increasing complexity. 

In this review, we first present the information on the chemical composition 
of meteorites, comets and other small bodies of the Solar System, which is 
potentially linked to the first phases of the Solar System's formation. Then we 
describe the observed chemical composition in the pre-stellar core, protostellar 
envelope and protoplanetary disk phases, including the processes that lead to 
them. Finally, we draw together pieces from the different objects and phases 
to understand whether and how much we inherited chemically from the time 
of the Sun's birth. 
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1 Introduction 

Once upon a time, there was a small cold cloud of gas and dust in an inter- 
stellar medium broken into several clumps and filaments of different masses 
and dimensions. Then, about 4.5 billion years ago, the small cloud became the 
Solar System. What happened to that primordial cloud? When, why and how 
did it happen? Does the Earth receive a heritage from those old eons? Can 
this heritage help us to understand our origins? 

The answers to these questions can only come from putting together many 
pieces of a giant puzzle that covers different research fields: from what the 
Earth is made of to its evolution, from what are the most pristine meteorites 
from outer space that have fallen on Earth to their present composition, from 
which other small bodies of the Solar System, comets and asteroids, have 
the imprint of the first composition of the solar nebula to their origin and 
evolution. Last but not least, the study of other small clouds and young Sun- 
like stars in our Galaxy gives us the wide range of possible outcomes of star 
and planet formation, from which we would like to understand why the Solar 
System and the Earth chose one of them. 

Each single piece of the puzzle brings precise and precious information. 
The problem is that sometimes the information is hidden in a scrambled code 
whose key is unknown. Take meteorites as an example. As explained to us by an 
expert colleague, assessing the composition of the Solar Nebula from the study 
of the meteorites is like trying to assess Napoleon's army structure looking at 
the few survivors of the Russian war. How representative are those survivors? 
Although, evidently, they still provide very precious information, extracting 
the whole information from them is far from obvious. The example is to say 
that every single piece of the puzzle is important, even the pieces that seem 
to be redundant. Actually, the redundant ones are likely the most important, 
as they may allow to distinguish and disentangle all the various intervening 
effects. In this context, the study of the objects similar to the Solar System 
progenitor takes a particular relevance, because it can provide us with plenty 
of pieces to compare with the other pieces from the present Solar System. The 
hope is that they will provide us with the keys of the scrambled codes. 

In this review, we will focus on just a subset of these pieces, those com- 
ing from the study of the chemical composition during the birth of stars and 
planetary systems like our Solar System. In we will first give a very general 
overview of how we think the Solar System and stars of similar mass have 
formed and how this process influences the chemistry. This is based on the 
ensemble of observations and studies on star-forming regions and Solar Sys- 
tem objects. Then, in we will describe in detail some pieces of the puzzle 
which potentially connect what we observe in the objects of the Solar System 
nowadays and what we know about star formation in our Galaxy. The next 
sections will discuss star and planet formation studies. We will describe how 
the evolution of the matter from a cold cloud (Q to a protostellar envelope 
(^5| and a protoplanetary disk (^6| corresponds to an increase of the molec- 
ular complexity. Section [7] will provide specific examples on the link between 
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FROM A DIFFUSE CLOUD TO A SUN + PLANETARY SYSTEM 
FROM ATOMS & SIMPLE MOLECULES TO LIFE 





1- PRE-STELLAR PHASE: cold and dense gas 
FORMATION OF SIMPLE MOLECULES 



2- PROTOSTELLAR PHASE: collapsing, warm dense gas 
FORMATION OF COMPLEX MOLECULES 




3- P ROTO PLANETARY DISK PHASE: 
cold and warm dense gas 
SIMPLE & COMPLEX MOLECULES 




4- PLANETESIMAL FORMATION : grains agglomeration 

5- PLANET FORMATION AND THE "COMET/ASTEROID RAIN" 
CONSERVATION AND DELIVERY OF OLD MOLECULES + LIFE 



Fig. 1 Star formation and chemical complexity. The formation of a star and a planetary 
system, like the Solar System, passes through five fundamental phases, marked in the sketch. 

the present Solar System small bodies with the pre- and proto-stellar phase. 
A final section will try to draw some conclusions. 

We emphasize that the present review is complementary to several reviews 
recently appeared in the literature on different aspects just touched upon by 
us and that will be cited in the appropriate sections. 

2 Solar-type star formation and chemical complexity 

The formation of a Sun-like star and molecular complexity proceed hand in 
hand. As the primordial cloud evolves into a protostellar envelope, protoplan- 
etary disk and planetary system, the chemical composition of the gas becomes 
increasingly more complex. The five major phases of the process that we think 
have formed the Earth are sketched in Figure [I] and here listed. 

Phase 1: Pre-stellar cores. These are the "small cold clouds" mentioned above. 



During this phase, matter slowly accumulates toward the center of the 
nebula. As a result, the density at the center increases while the tem- 
perature decreases. Atoms and molecules in the gas-phase freeze-out onto 
the cold surfaces of the sub- micron dust grains, forming the so-called icy 
grain mantles. Thanks to the mobility of the H atoms on the grain sur- 
faces, hydrogenation of atoms and CO (the most abundant molecule, after 
H2, in cold molecular gas) takes place, forming molecules such as water 
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(H2O), formaldehyde (H2CO), methanol (CH3OH) and other hydrogenated 
species. 

Phase 2: Protostellar envelopes. The collapse proceeds, gravitational energy is 
converted into radiation and the envelope around the central object, the 
future star, warms up. The molecules frozen in grain mantles during the 
previous phase acquire mobility and likely form new, more complex species. 
When the temperature reaches the mantle sublimation temperature, in 
the so-called hot corinos, the molecules in the mantles sublimate back in 
the gas-phase, where they react and form new, more complex, molecules. 
Simultaneously to the collapse, a fraction of matter is violently ejected 
outward in the form of highly supersonic collimated jets and molecular 
outflows. When the outflowing material encounters the quiescent gas of 
the envelope and the molecular cloud, it creates shocks, where the grain 
mantles and refractory grains are (partially) sputtered and vaporized. Once 
in the gas phase, molecules can be observed via their rotational lines. 

Phase 3: Protoplanetary disks. The envelope dissipates with time and eventually 
only a circumstellar disk remains, also called protoplanetary disk. In the 
hot regions, close to the central object, new complex molecules are syn- 
thesized by reactions between the species formed in the protostellar phase. 
In the cold regions of the disk, where the vast majority of matter resides, 
the molecules formed in the protostellar phase freeze-out again onto the 
grain mantles, where part of the ice from the pre-stellar phase may still be 
present. The process of "conservation and heritage" begins. 

Phase 4: Planetesimal formation. The sub-micron dust grains coagulate into 
larger rocks, called planetesimals, the seeds of the future planets, comets 
and asteroids. Some of the icy grain mantles are likely preserved while the 
grains glue together. At least part of the previous chemical history may be 
conserved in the building blocks of the Solar System rocky bodies. 

Phase 5: Planet formation. This is the last phase of rocky planet formation, with 
the embryos giant impact period and the formation of the Moon and Earth. 
The leftovers of the process, comets and asteroids, copiously "rain" on the 
primitive Earth, forming the oceans and the Earth second atmosphere. 
The heritage conserved in the ices trapped in the planetesimals and rocks 
is released onto the Earth. Life emerges sometime around 2 billion years 
after the Earth and Moon formation!]] 

The sections [4] to [6] will review and discuss in detail the chemistry in the 
first three phases of the process, those where the heritage is likely accumulated. 
Box 1 briefly explains the data and tools needed to interpret the observations 
and Table [1] summarizes some key proprieties of the phase 1 to phase 3 objects. 



1 The famous fossils of cyanobacteries of Australia and for long considered as the first 
traces of life dated 3.5 Myr ([393]), are interpreted as inorganic condensations ( 403 ; 167 ) 
and still source of intense debate ( 284 ). Conversely, there is consensus on the rise of life 
about 2 Gyr after the Earth formation, as testified by the rise in the O2 abundance in the 
atmosphere ( |121| V 
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Table 1 Summary of the proprieties of the objects in the first three phases of the solar-type 
star formation process, before planet formation. 



Phase &; Object 


Age 


Radius 


Temp. 


Density 


Chemical processes 






(yr) 


(AU) 


(K) 


(cm -3 ) 




1- 


Pre-stellar core 


~ 10 5 


- 10 4 


7-15 


10 4 -10 6 


Ice formation &; 
molecular deuteration 


2- 


Protostellar envelope: 


10 4 -10 5 


- 10 4 










Cold envelope 




100-10 4 


< 100 


10 5 -10 7 


Ice formation & 
molecular deuteration 




Hot corinos 




< 100 


> 100 


> 10 7 


Complex molecules 
formation 


3- 


Protoplanetary disk: 


~ 10 6 


~ 200 










Outer midplane 




20-200 


100-10 


10 8 -10 6 


Ice formation &; 
molecular deuteration 




Inner midplane 




< 20 


> 100 


> 10 8 


Complex molecules 



formation 



Box 1: Data needed to interpret the astronomical observations 

In order to derive the chemical composition of a celestial body from line 
observations one needs to identify correctly the lines as due to a spe- 
cific molecule and to convert the observed line intensity into the species 
abundance. Then, to understand what these abundances mean one needs 
to compare the observed with model predicted abundances. The process, 
sketched in Fig. [2] requires, therefore, data from different communities: i) 
spectroscopic data, to identify the lines; ii) collisional coefficients, to con- 
vert them into abundances; iii) chemical reactions to build up astrochemi- 
cal models. The three sets of data necessitate specific skills and enormous 
laboratory and computational efforts. The available information is cen- 
tralised in the following databases: 

— Spectroscopic databases: 

+ JPL Molecular spectroscopy database ([348 ): 

"/ '/spec, jplnasa.gov /home.htm\ 
+ Cologne Database for Molecular Spectroscopy database (CDMS, 

M): 

http : / / www, astro, uni-koeln. de/cdms/\ 

+ Splatalogue database for astronomical spectroscopy (SPLATA- 
LOGUE): 

http:/ /splatalogue. net/ 

— Collisional excitation databases: 

+ Ro-vibrational collisional excitation database (BASECOL, |134j ): 
http: / /basecol. obspm.fr / index. php?page=pages/generalP 'ages /home 
+ Leiden Atomic and Molecular Database fLAMDA. [392] ): 
\http:/ /home, strw. leidenuniv. nl/~moldata/\ 

— Chemical reaction databases: 

+ The Kinetic Database for Astrochemistry (KID A, [445]): 
http:/ /kida. obs. u-bordeauxl .fr/ 

+ The Ohio State University (OSU) gas-phase and gas-grain chemical 

models (e .g. [T72] ]: 

http: //www. physics, ohio-state. edu/~ eric/res earch.html 
+ The U MIST databa se for astrochemistry (UDFA, [469] ): 
http://www.udfa.net/ 

We emphasize that the databases just collect the data which are provided 
by several colleagues from all over the world. We would like here to pay our 
tribute to Pierre Valiron and Fredrik Schoier, who enormously contributed 
to the collisional excitation coefficients and to the set up of the LAMDA 
database respectively, and who prematurely passed away. 
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STEP 1: Observe the 
spectrum of the source. 
Tool: telescope 
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STEP 2: Identify the lines 

and species. 

Tool: spectroscopic data 



i 



ASTROPHYSICAL 
OBJECT 




STEP 3: Derive the physical 
and chemical structure. 
Tool: collisional coefficients 




STEP 4: Understand the 
chemical structure. 
Tool: reaction pathways 
and rate coefficients 



Fig. 2 The four steps required to measure the chemical structure of an astrophysical object, 
as described in Box 1, including the tools needed to complete each step: (1) observations 
at the telescope, (2) identification of the lines and species, (3) derivation of the physical 
and chemical structure using radiative transfer codes, which require accurate collisional 
coefficients, and (4) chemical models. 



3 Pieces of the puzzle from the Solar System 

A variety of information on the formation process of the Solar System is pro- 
vided to us by the small bodies believed to be the most pristine objects of 
the Solar System: Kuiper Belt Objects (KBOs), comets, meteorites and par- 
ticularly carbonaceous chondrites, and interplanetary dust particles (IDPs). 
Here we will review some properties of these objects that can shed light on 
the formation process when compared with what we know about other solar- 
type forming stars in the Galaxy We emphasize that this summary is far from 
being exhaustive and the reader is invited to look at the reviews cited in the 
following subsections. 



3.1 Where does the terrestrial water come from? 

We all know how fundamental water is for the terrestrial life. It is the best 
solvent, allowing chemical reactions to form large biotic molecules and to break 
down ATP (Adenosine Triphosphate), a process at the very base of the energy 
metabolism of living cells. Water had a fundamental role also on planet Earth, 
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its history, evolution and equilibrium, for example allowing the magma to be 
viscous enough for tectonics to take place. 

Sometimes the most obvious questions, like the one on the origin of water 
or why the night sky is dark, do not have obvious answers. The explanation 
of the dark night sky had to wait for the discovery of the expansion of the 
Universe, while the explanation of why Earth is so abundant in water is still 
hotly debated. But what are the facts? Two main facts are fundamental pieces 
of this puzzle. The first one is the quantity of terrestrial water, the second is 
its isotopic composition. 

Regarding the amount of water on Earth, we can easily measure it in the 
Earth's crust where it is ~ 3 x 10 -4 the Earth mass ([260 ). It is much less 
obvious to measure it in the mantle and core, where the vast majority of 
the Earth's mass resides and where it is impossible to directly measure the 
volatile components. Measurements of Earth's mantle water content are in fact 
based on indirect evidence, mostly using noble gases as proxies for the volatile 
hydrogen ( |152j ; [10] ) , which implies assuming that the solar abundance ratios 
are maintained in the Earth mantle. The most recent estimates give a total 
amount of ~ 2 x 10 -3 Earth masses ([285 J, namely almost ten times more 
than in the crust. It has to be noted, though, that Earth in the Archaean was 
most likely more volatile-rich than in our days (e.g. [241 ). 

The second fundamental piece of the puzzle is the HDO/H2O ratio, 1.5 x 
10 -4 in the terrestrial oceans, namely about ten times larger than the ele- 
mental D/H ratio in the Solar Nebula ( |174j ). Direct measurements of the 
HDO/H2O ratio in the Earth mantle are impossible, but indirect ones seem 
to suggest a slightly lower value than that of the oceans ( |285j ). 

The problem on the origin of the terrestrial water comes from the fact 
that the planetesimals that built up the Earth, if they were located at the 
same place where Earth is today, must have been dry. Therefore, either water 
came later, when Earth was mostly formed, or the planetesimals that formed 
the Earth were from a zone more distant than 1 AU. The first theory, also 
called "late veneer", was first proposed by [129 and |332j and postulates that 
water is mostly delivered to Earth from comets, especially during the Late 
Heavy Bombardment ( |128j : p. 80 j). For almost a decade, the theory had the 
problem, though, that the HDO/H2O abundance ratio in the six comets where 
it had been measured is about a factor of two too high ([224 ; see [3 A and 
Fig. [4|. However, new Herschel measurements are changing the situation. The 
measure on the 103P/Hartley2 comet gives exactly the terrestrial value ( |195j ) 
whereas measurements toward C/2009 PI give again a larger HDO/H2O value, 
2 x 10 -4 ([51]). The other possibility is that Earth was partly built from 
water-rich planetesimals from the outer zone ([303 ). Two arguments are in 
favor of this theory. First, the HDO/H2O ratio of carbonace ous chondrites is 
very similar to the terrestrial one (1.3-1.8xl0 -4 , [375 ; see [3A and Fig. [4J. 



Second, numerical simulations of the young Solar System from several authors 
predict that up to 10% of the Earth may have been formed by planetesimals 
from the outer asteroid belt, providing enough water to Earth (e.g. [303 ; 
[367 ). The same simulations tend to exclude the cometary delivery as a major 
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contribution. However, as any model, the predictions are subject to a number 
of uncertainties, a major one being how much water is in the outer asteroid 
belt planetesimals ( |269j ). 

Finally, the question on the origin of Earth's water is somewhat linked to 
the question on the origin of the Earth's atmosphere. Even though the methods 
are different, also for the Earth's atmosphere it is discussed a cometary delivery 
versus a meteoritic origin. Likely, in this case, both sources are necessary (e.g. 

We emphasize the key role played, in both theories, by the HDO/H2O ratio 
in the terrestrial water, comets and asteroids. In the following sections of this 
review, we will see why, when and how water becomes enriched of deuterium. 



3.2 Molecular species in comets and KBOs 

Several molecular species have been detected in comets since decades and in 
KBOs since the last decade. Here we briefly summarise which species have 
been detected and recommend to the interested reader the reviews by [309 
and [49], and [69] on the comets and KBOs, respectively. 

Comets: Two dozens of molecular species have been identified in various comets 
by several authors (e.g. [43]; |118j ). More specifically: 

i) H 2 0, CO, C0 2 , CH 4 , C 2 H 2 , C 2 H 6 , CH3OH, H 2 CO, NH 3 , HCN, HNC, 
CH3CN and H 2 S have been detected in more than 10 comets; 

ii) HCOOH, HNCO, HC 3 N, OCS and S 2 have been detected in more than 1 
comet; 

hi) HOCH 2 CH 2 OH, HCOOCH3, CH3CHO, NH 2 CHO, S0 2 , H 2 CS have been 
observed in one comet, Hale-Bopp. 

Not all species are considered primary species, namely species present in the 
sublimated ices. Some, like HNC, are product species, namely they are the 
products of chemical reactions involving the primary species once ejected in 
the gas. Other species, like H 2 CO and CO, have contributions from both pri- 
mary and product species. The measured abundances are summarised in Fig. 
[3j To this list one has to add the recent detection of glycine, the simplest of 
amino acids, in the 81P/Wild2 comet by the mission STARDUST (ggg]). 

KBOs: KBOs are the objects beyond Neptun's orbit, at an heliocentric dis- 
tance between 30 and 50 AU, and are thought to hold precious information on 
the pristine chemical composition of the Solar Nebula at those distances. Being 
relatively small objects, they are difficult to study. However, in the last decade, 
important progress has been made. Briefly, the six large KBOs where spectro- 
scopic observations could be obtained showed the presence in their atmosphere 
of H 2 0, CH4, N 2 and CO, even though with different proportions from object 
to object (e.g. [26]; [390]; [70]). In addition, ethane (C 2 H 6 ), believed to be the 
result of CH4 photolysis processes caused by the solar wind and cosmic rays, 
has been detected in Makemake ([33]). In other smaller KBOs, spectroscopic 
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Fig. 3 Abundances of molecular species in comets, with respect to H2O. The species with 
an asterisk have also been detected in KBOs. 



observations showed the presence of water, ammonia and likely methanol ices 

(123; EBI). 

Prom Fig. [3} it is clear that the most abundant species in comets (H2O, 
CO, C0 2 , CH 4 , NH 3 , CH3OH and C 2 H 6 ) are observed also in KBOs and, in 
turn, the species observed in KBOs are the most abundant species in comets. 
Formaldehyde and hydrogen sulfide have abundances in comets comparable 
to CH4 and NH3. Their non detection in KBOs may, however, be due to 
observational effects only. 



3.3 Organics in meteorites and IDPs 

Carbonaceous chondrites are rich in carbon, which constitutes about 1-4% of 
this kind of meteorites. Organic carbon is present in two forms, following the 
methods to extract the organic material: insoluble organic matter (IOM) and 
soluble organic matter (SOM). 

IOM is mainly (>70%) constituted of organic compounds with a relatively 
complex structure (nanoglobules, venatures...). The compounds are made of 
small aromatic units (with up to six rings) linked by branched aliphatic link- 
ages shorter than seven carbon atoms (e.g. [370]; |259j ). Similarly, IDPs con- 
tain about 10-12 % carbon, mostly in organic material, including aromatic and 
aliphatic compounds ( |420j : |243j ). 
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SOM is principally made of carboxylic acids, aliphatic and aromatic hy- 
drocarbons, and amino acids (e.g. |354j ). In the Murchison meteorite, they 
represent ~ 50%, ~ 25% and ~ 10%, respectively, of the organic soluble mat- 
ter. Of particular interest, amino acids with no known terrestrial distribution 
have been found in meteorites. In addition, a sub-group of amino acids shows 
a small but significant L-enantiomeric excesses (e.g. [355]), namely one of the 
two chiral forms is more abundant than the other, a characteristic of chiral 
biomolecules in terrestrial life. 



3.4 The hydrogen and nitrogen isotopic anomalies 



One direct evidence of the link between pristine small Solar System bodies 
like carbonaceous chondrite, IDPs and comets, and the first phases of the Sun 
formation (phases 1 to 3 in Fig. [T]) comes from the presence of the so-called 
isotopic anomalies. Among the five most abundant elements in the Universe 
(H, He, O, C and N), three present large anomalies, namely they have iso- 
topic values more than twice different than in the Solar Nebula: hydrogen, 
oxygen and nitrogen (while carbon also shows different values but to a lesser 
extent). Each of them brings different information. Here, we briefly review the 
information provided by the hydrogen and nitrogen isotopes. Oxygen isotopic 
anomalies are discussed in §3.5| 



Deuterium in comets: The first and most important isotopic anomaly, the deu- 
terium enrichment of terrestrial water, has been already discussed in §3.1| We 
also briefly mentioned that comets show a D-enrichment one to two times the 
one of the terrestrial oceans (Fig. [4]). Regardless whether comets substantially 
contributed or not to the terrestrial water, the relatively high abundance of 
deuterated water can help us to understand when and where comets formed 
and, consequently, how the Solar System formed. So far, the HDO/H2O ra- 
tio has been observed in seven comets from the Oort Cloud, the most recent 
being the C/2009 PI comet, and in one, 103P/Hartley2, from the Jupiter 
family comets. In the first six comets, HDO/H2O has been measured to be 
- 3x 10- 4 ([307]; [52]), in C/2009 PI it is 2 x 10~ 4 ([51), and in 103P/Hartley2 
it is 1.5 x 10 -4 ( |195j ). If, on the one hand, this last measurement has brought 
back to life the debated late veneer theory (£3.1), it has also challenged the 
present view of where these comets are formed. In fact, according to the 
widely-accepted theory, comets from the Oort Cloud and the Jupiter fam- 
ily were likely formed in the Uranus- Neptune zone ( |132j ), even though the 
Oort Cloud comets may also originate from the Jupiter- Saturn region ([66). 
The HDO/H2O ratio is an almost direct measure of the temperature where the 
comet is formed and larger heliocentric distances are expected to correspond 
to colder regions. Therefore, one would expect that comets in the Oort Cloud 
present a similar or lower HDO/H2O ratio than the Jupiter family comets, 
contrary to what is measured. Dedicated models support this simple intuitive 
argument (e.g. |214j : |240j : |347j ). Therefore, either comet formation theory 
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is not correct in this aspect (for example a new theory postulates that Oort 
Cloud comets are captured from nearby stars; |268j ). or the temperature in 
the Solar Nebula was not monotonically decreasing with increasing heliocentric 
distance. This is in principle possible during the accreting disk phase where 
viscosity may have created warm regions (e.g. [478 ). This will be further dis- 
cussed in £[7| So far for water, but deuterium enrichment is also observed in 
HCN, in one comet ( [294J ) , and it is about 10 times larger than the water D- 
enrichment. This difference is not necessarily a problem as it may just outline 
the different chemical formation pathway of these two species, as explained in 



Deuterium in carbonaceous chondrites and IDPs: The bulk of carbonaceous 
chondrites contains hydrated silicates and hydrous carbon with a D/H ratio = 
1.2-2.2 xlO -4 (e.g. [375]), very similar to that of the terrestrial oceans. How- 
ever, D-enrichment, similar to that measured in comets and even higher, has 
also been found in the so called "hot spots" , namely micrometer-scale regions 
with positive isotope anomalies, in the IOM of chondrites and IDPs. These hot 
spots are in fact so named because of the enrichment of D and 15 N, and are 
systematically found in small regions of organic material. The D-enrichment 
in carbonaceous chondrites and IDPs is very variable, with regions having 
D/H ~ 8 x 10 -5 close to the Solar Nebula value, and others having D/H 
up to ~ 10 -2 ([9]; |371j ). High spatial resolution measurements suggest that 
the largest D-enrichment is associated with organic radicals ( |371j ). Similarly, 
molecules in the soluble organic matter component show enhanced abundances 
of D-species with respect to H-species, at a level of D/H up to almost 10 -2 
([353]). 

15 N in comets: Several measurements of the bulk of the 14 N/ 15 N in the Solar 
Nebula, from observations of NH3 in Jupiter ([333 ; |155j ) and the solar wind 
([286 ) give a value of ~ 440, consistent with standard stellar nucleosynthe- 
sis models. In comets, though, the 14 N/ 15 N ratio measured in CN and HCN 
species is more than a factor 2 lower, around 150 (US); |279j ). The origin of 
this 15 N enrichment in comets has puzzled astrochemists for years. One pos- 
sibility is that this is a direct heritage of the pre-stellar core phase (Q or 
proto-planetary disk phase (^6|. Finally, it is also possible that 15 N has been 
injected in the material forming the Solar System by the explosion of a nearby 
supernova (j |3.5| ). 

15 TV in chondrites and IDPs: The 14 N/ 15 N as measured in TiN in a pristine 
condensate Ca-Al-rich inclusion of a carbonaceous chondrites is very similar to 
the Solar Nebula value (~ 440, [293]). However, the 14 N/ 15 N in the IOM ma- 
terial of carbonaceous chondrites and IDPs is low, up to ~ 50 ([58]; [57]; [288 J, 
as low as in comets and significantly lower than in the Solar Nebula and the 
interstellar medium. Similar 15 N enrichment has been reported in two amino 
acids ( |352j ). Therefore, the same question on the origin of the 15 N enrichment 
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Fig. 4 15 N/ 14 N versus D/H in comets, chondrites, hot spots in the IOM of meteorites and 
IDPs, SOM in meteorites, Earth and Sun. 



in comets applies to the organic material in carbonaceous chondrites and IDPs. 

A common origin for the D- and 15 N- enrichment in comets and the organic 
material in carbonaceous chondrites and IDPs? Since comets and the organic 
material in chondrites and IDPs are enriched in both D and 15 N, the question 
whether the enrichment has a common origin is a natural one (e.g. [8]). Against 
this hypothesis is that D-enriched spots in chondrites and IDPs do not coincide 
spatially with 15 N-enriched ones (|5]; |376j ). Similarly, while the D-enrichment 
differs by a factor two in 103P/Hartley2 and the other six comets, the 15 N- 
enrichment is practically the same in all comets (Fig. [4]). Therefore, very likely 
D- and 15 N-enrichments do not have a common origin (see also [466 ). 



3.5 A violent start in a crowded violent environment 

Short-lived nuclide^] present at the formation of the Solar System and now 
disappeared, and isotopic oxygen anomalies in meteorites tell us that the So- 
lar System had a violent start in a violent environment. First, the young Sun 
irradiated the forming planetary system with a strong wind of energetic par- 
ticles. Second, the Sun was likely born in a large cluster of stars where one or 
more massive stars exploded. All this is based on anomalies with respect to 



2 Short-lived nuclides are the radionuclides with half-lives shorter than about 10 Myr. 
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the "normal" values of the abundances of these elements, which can only be 
firmly known by assessing what is the normality in other forming stars and, 
therefore, it is an important piece of the puzzle to mention here. 

A violent start: It is now well-known that young solar-type stars are bright 
X-rays emitters, about 10 3 times brighter than the present day Sun ( [151] : 
[361 ). It is very likely that, together with X-rays, H and He nuclei with ener- 
gies larger than 10 MeV are also emitted in large quantities in the early stages 
of star formation (e.g. |263j ). The Sun likely passed through a similar violent 
phase and irradiated the forming planetary system with energetic particles 
(sometimes also referred as "early solar cosmic rays"). Extinct short-lived nu- 
clides bring traces of this violent past. Specifically, the enhanced abundances 
of 10 Be, 7 Li and 21 Ne ( [292] : |102j ) can only be explained by spallation re- 
actions of solar energetic particles with O and C atoms of the Solar Nebula. 
Similarly, other short-lived nuclides, 36 CI, 53 Mg and 41 Ca, are now explained 
in terms of irradiation from the early Sun (e.g. |283j ; |185j ). 

A crowded violent environment: Several lines of evidence converge toward a 
picture where the Sun was born in a cluster of at least 1000 stars (see the 
review by [2]). Likely, within this cluster, some were massive stars and some 
exploded a little before or during the formation of the Solar System. Since its 
discovery in meteorites, 26 Al ( |247j ; |437j ) became one of the proofs, indeed 
highly debated for decades, that the Solar System was polluted with material 
ejected from a nearby type II supernova, whose progenitor mass is ~25 M 
([76]: |185j ). Support to this hypothesis was added by the discovery of 60 Fe 
([248 ), but the value of the 60 Fe excess with respect to the Galactic one has 
been revised since and nowadays it is believed to be close to zero ( |305j ). As a 
consequence, theories based on 60 Fe have to be taken with a grain of salt (see 
the review by |127j ). Recently, the anomalous 18 0/ 1T in meteorites, 5.2±0.2 
(see the compilation in |480j ). with respect to the Galactic one, 4.1±0.1 ([474]) 
has also been taken as a proof of the injection of material from a type II 
supernova exploded just before the birth of the Solar System. 



4 The calm before the storm: pre-stellar cores 

Stars like our Sun form in slowly rotating and collapsing magnetized dense 
cloud cores (e.g. |181j : [423] ). Dense cores not associated with stars are called 
" starless cores" and they represent the initial conditions in the process of star 
formation ( |399| ). They are the starting point of our journey. These objects 
have average volume densities at least one order of magnitude larger than the 
surrounding medium, have typical kinetic and dust temperatures of 10 K and 
their internal energy is dominated by thermal motions (see review by [40]). 
Not all starless cores give birth to stars, though. Some of them reach configura- 
tions close to hydrostatic equilibrium and display kinematic features consistent 
with oscillations ([255 J. Others show expanding motions ([408 J. This class of 
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starless cores typically displays a relatively flat density distribution, with cen- 
tral densities below 10 5 H2 molecules cm -3 . This is the critical density for 
gas cooling by gas-dust collisions ( j!79j ) and it represents the "dividing line" 
for dynamical stability. Starless cores with central densities below this criti- 
cal density are thermally subcritical ([245 ) and they may disperse back into 
the interstellar medium. When the central densities of H2 molecules overcome 
~10 5 cm -3 , starless cores become thermally supercritical and gravitational 
forces take over. These are the so-called pre-stellar cores, first identified by 
[450 in the sub-millimeter continuum and then chemically and kinematically 
labelled by [1 14] using millimeter spectroscopy. It is within pre-stellar cores 
that future star and planetary systems will form. 

4.1 Freeze-out, deuterium fractionation and the ionization fraction 




50 -50 

R.A. Offset (arcsec) 



Fig. 5 The chemical zones of the prototypical pre-stellar core L1544, embedded in the 
Taurus Molecular Cloud Complex, at a distance of 140 pc. The background color image is 
the 1.3mm dust continuum emission map obtained with the IRAM-30m antenna ( 449 ). 
The cyan contours show the different chemical zones, with the corresponding main chemical 
processes listed in the right panel. Blue labels indicate reaction partners. 

Pre-stellar cores span a range of number densities which goes from a few 
times 10 3 cm -3 toward the outer edges, where they merge with the surround- 
ing molecular cloud, to about 10 T cm -3 within the central 1,000 AU (e.g. [148 ; 
[246 ), where the gas and dust temperature drops to 6-7 K ( |115j ; |335j ). These 
gradients in physical properties affect the chemical structure. Fig. [5] schemat- 
ically shows the main chemical processes in the two-zones of the prototypical 
pre-stellar core L1544, embedded in the Taurus molecular cloud. In the outer 
part of the core (between about 7,000 and 15,000 AU), the gas density is 
~10 4 cm -3 and the temperature ^10 K. "Classical" dark-cloud chemistry is 
at work, with ion-molecule reactions ([202 ) dominating the carbon chemistry, 
and neutral-neutral reactions which start the transformation of nitrogen atoms 
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into N2 (e.g. [205 ). These reactions form the "popular" species CO, N2H + and 
NH3, which are widely used to study cloud structures and kinematics. 

Freeze-out. Within the central 7,000 AU, the density increases above 10 5 cm" 
the temperature drops below 10 K and species heavier than He tend to dis- 
appear from the gas-phase due to the process of freeze-out (the adsorption of 
species onto dust grain surfaces). CO freeze-out has been measured in starless 
and pre-stellar cores at a 80-90% level ([461]; [82]: [23]: [368] ). Nitrogen-bearing 
species have also been found to deplete from the gas-phase, although not as 
much as CO (e.g. [38]; |409j : [160] ). The reason for this differential freeze- 
out has to be found in the fact that N-bearing species, such as N 2 H + and 
NH 3 , experience larger production rates when neutral species (in particular 
CO) start to disappear from the gas-phase. The freeze-out is a natural con- 
sequence of the quiescent nature of pre-stellar cores: once species land on a 
grain surfaces, they cannot thermally evaporate (because dust temperatures 
are Td us t < 10 K, typical binding energies are Eb > 1000 K and the thermal 
evaporation rate is oc exp[— Eb / (k T^ ust )]) and they cannot photodesorb as 
interstellar photons cannot penetrate within pre-stellar cores (whose central 
regions have visual extinctions larger than 50 mag). Only a small fraction of 
the adsorbed species can return in the gas-phase via non-thermal desorption 
mechanisms mainly driven by cosmic-rays, such as dust impulsive heating due 
to cosmic-ray bombardment (e.g. [267 ) and photodesorption due to the Far- 
UV (FUV) field produced by cosmic-ray impacts with H2 molecules ([360J; 
[187] : [396]), although molecular hydrogen formation ([462]; [378] ) and sur- 
face reactions involving radicals ([130 ) may also play a role. Desorption of 
mantle species by FUV photons has been included in the chemical-dynamical 
models of LI 544, to explain the recent Herschel detection of water vapor in 
the center of this prototypical pre-stellar core ([79]). Freeze-out time scales 
(^freeze— out oc 10 9 /n H yr, where n H is the total number density of hydrogen 
nuclei, |226j ) are significantly shorter than the dynamical (free-fall) time scale 
(tf r ee-faii oc 4 x 10 7 / ^/nj, [405 J, so dust grains are expected to build thick icy 
mantles during the pre-stellar phase of the star formation process (j |4.2| ). 

Deuterium fractionation. In the cold environments of pre-stellar cores, an- 
other important process takes place: deuterium fractionation. The starting 
point is the exothermic reaction between H3" and HD, which produces H 2 D + 
and H 2 (H+ + HD — » H 2 D+ + H 2 + 230 K, [453]). This reaction cannot pro- 
ceed from right to left when the kinetic temperature is below ~20K and if a 
large fraction of H 2 molecules is in para form, as expected in cold and dense 
cores ( |153j : |337j : 024]). Therefore, the H 2 D + /H3~ abundance ratio becomes 
significantly larger than the D elemental abundance with respect to H. When 
the freeze-out of neutral species (especially CO and O, which are the main 
destruction partners of H 2 D + ) becomes important, deuterium fractionation is 
further enhanced ( |125j ). In fact, the deuteration zone of Fig. [5] is the region 
where the brightest line of ortho-H 2 D + has ever been detected ([81]). This 
deuteration "jump" allows multiply deuterated forms of H3" to thrive ([434J; 



Our astrochemical heritage 



17 



[339 ) and their dissociative recombinations with electrons liberate D atoms, lo- 
cally increasing the D/H ratio to values larger than 0.1 ( |377j ). The large D/H 
ratio in the gas-phase implies efficient deuteration of surface species (in partic- 
ular CO), with the consequent production of deuterated and doubly deuterated 
formaldehyde as well as singly, triply and doubly deuterated methanol (e.g. 
[42T] : [TOT] : [80]; 0TB]; [413]). HDCO, D 2 CO and CH 2 DOH have been detected 
in pre-stellar cores ([24]; ED)? wnne doubly and triply deuterated methanol 
have been detected in the envelope of young stellar objects ( |343j : [340], see ^5|. 

The ionization fraction. Deuterated species are the main probes of the cen- 
tral regions of pre-stellar cores, the future stellar cradles. Their observation 
allows us to trace the kinematics (e.g. |425j ; |115j ) and, together with the 
non-deuterated isotopologue, to measure the elusive electron number density 
n(e~), which plays a crucial role in the dynamical evolution of the cloud. In 
fact, electrons and ions gyrate around magnetic field lines which permeate the 
clouds, and decouple from the bulk motions. During the gravitational collapse, 
neutral species slip through magnetic field lines and collide with molecular ions 
in a process called ambipolar diffusion ([304]; [399]). Depending on the fraction 
of ions present in the gas-phase, neutral-ion collisions can significantly slow 
down the collapse compared to free-fall. How do we measure the ionization de- 
gree? Using simple steady- state chemistry of (easy-to-observe) molecular ions, 
such as HCO + and DCO + , which form from the reaction of CO with H3" and 
H 2 D + and are destroyed by electrons, it is easy to arrive at analytic expres- 
sions relating the observed DCO + /HCO + abundance ratio to n(e~) ([188 ; 
[473 ). Using time dependent chemical codes, [83] and [39] obtained values of 
x(e~) (= n(e~)/n(H.2)) between 10 -8 and 10 -6 . Given that the time scale for 
ambipolar diffusion is £ad — 2.5 x 10 13 x(e~)yr ([405 J, the above measure- 
ments imply values of £ad — 2.5 xlO 5 and 2.5xlO T yr, factors of 2-200 larger 
than tfree-faii f° r pre-stellar cores with an average nn = 10 5 cm -3 . 



15 N- fractionation. On the one hand, no significant 15 N fractionation (com- 
pared to the Solar Nebula value of —440, see [3 A) has been found in NH3 
( 14 N/ 15 N -350-850, [176 ; 334±50, [270]) toward pre-stellar cores and proto- 
stellar envelopes, and in N 2 H+ ( 14 N/ 15 N = 446±71, @4]) toward the proto- 
typical pre-stellar core LI 544. On the other hand, [299 and Hily-Blant et al. 
(submitted) found significant 15 N-enrichment in HCN toward pre-stellar cores 
(between 70 and 380). Similar values have been found by [3 in HNC observa- 
tions of star-forming regions across the Galaxy. It is inte resting to point out 
here that the 15 N- fractionation observed in comets (£3.4) has been measured 
for CN and HCN ( 14 N/ 15 N -130-170, [50 ). This differential 15 N fractionation 
for amines and nitriles has been recently reproduced in chemical models of 
dense clouds by [466 , who suggest that the processes able to reproduce the 
observed differentiation could be at the origin of the poor correlation between 
D- and 15 N- fractionation observed in some primitive material in our Solar 
System (j |3.4| ). Thus, a further link between pre-stellar core chemistry and the 
Solar System composition has been found (see Q. 
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4.2 Ice formation and evolution 
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Fig. 6 Ice mantle evolution within a pre-stellar core, from the outer-edge, where the core 
merges with the surrounding molecular cloud, to the dark-cloud zone and deuteration zone 
as depicted in Fig. [5] Ice mantles become thicker and richer in complex organic molecules 
moving toward the center of a pre-stellar core, where star- and planet-formation takes place. 



Interstellar dust grains are crucial for the chemical and physical evolution 
of interstellar clouds and for our astrochemical origins. First of all, hydrogen 
atoms can quickly scan their surfaces, meet and form volatile H2 molecules 
at rates large enough to defeat H 2 photodissociation due to the interstellar 
radiation field ( |212j : |351j : [88] : |119j ). Thus, dust grains are responsible for the 
transition of interstellar gas in our Galaxy (as well as in external galaxies) from 
atomic to molecular - the first step toward chemical complexity. Secondly, they 
are efficient absorbers of the FUV photons, so that they act as " U V-filters" , 
protecting molecules within clouds from the UV destructive action. Thirdly, 
they catalyze the formation of important species, in particular H2O, with such 
high efficiency that more than 30% of oxygen atoms are locked into water ice 
as soon as the visual extinction reaches values >3mag (e.g. [310]; [210] ; [455 ; 
[104 ). Finally, they become the main gas coolants in the central regions of 
pre-stellar cores, where the densities are above ~10 5 cm -3 , the temperatures 
fall below 10 K and species heavier than He (including important coolants such 
as CO) are mostly frozen onto their surfaces. In such conditions, the freeze-out 
rate will become even more extreme and dust grains should develop thick ice 
mantles. How thick? A simple estimate can be made considering that levels 
of CO freeze-out of about 90% are seen within the central pre-stellar core 
regions (see £4.1). Assuming that all species heavier than Helium are affected 
by a similar amount of freeze-out (including nitrogen; [205]), then in clouds 
with total hydrogen density of 2xl0 6 cm -3 , the total number density of heavy 
species frozen onto dust grains is about 1.3xl0 3 cm -3 . Further assuming that 
they are combined in molecules with two heavy elements on average (e.g. 
CO, CH3OH, CO2, H 2 0), the total number of solid species will be about 
660cm -3 . Now, we just need to divide this number by the total number of 
sites on an average grain with radius 0.1 fim (~10 6 ; |196| ) to have the number 
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of monolayers (~250). Considering a monolayer thickness of about 1 A, the 
total mantle thickness is then 2.5xl0 _6 cm, or about a quarter of the grain 
radius. Such thick mantles boost dust coagulation ([331). 

What are the main chemical processes on the surface of dust grains? Our 
understanding is based on (i) observations of absorption features along the 
line of sight of stars located behind molecular clouds or protostars embedded 
in dense cores (e.g. |456j and references therein), and on (ii) laboratory work 
(e.g. [452]; [208]; [300]; [219]; [161]; [136]). From these studies, we now know 
that surface reactions are mainly association reaction: oxygen is transformed 
into water via successive association reactions with hydrogen (e.g. O+H — >• 
OH; OH+H — >• H2O, but see £4.2.1 for more pathways to water ice); similarly, 
CO is transformed first into formaldehyde, H2CO, and then into methanol, 
CH3OH, via two and four association reactions, respectively; atomic nitrogen 
saturates into ammonia, NH3. Other important processes are photoprocesses 
and cosmic-ray bombardments. Photoprocesses are experimentally found to 
promote the formation of organic species more complex than CH3OH ( j!75j : 
[34]; [320]; [327]) up to amino acids (e.g. [42]; [307]; [306]) and allow solid 
species to return into the gas-phase ([326]; |321j ). Cosmic-rays, unlike UV 
photons, traverse dense cores relatively unhampered, although their flux may 
be reduced by a factor of a few by the mirroring effect of magnetic fields ([334 ). 
When colliding with dust grains, they can alter mantle compositions (e.g. [338J; 
|220j ; |301j ; |400j ; [53] ; |349j ) . Cosmic rays also play a crucial role in molecular 
desorption, as mentioned in the previous section. Surface chemistry is one 
of the most challenging disciplines in astrochemistry, but in the recent years 
several models have been successful in reproducing the observed abundance of 
some simple and complex species (e.g. 0; [170]; [210]; [120]; [86]; 011]; EH]). 

The picture that has emerged from the combination of observations, labo- 
ratory work and modeling is sketched in Figj6j which shows the evolution of 
a dust grain mantle from the outer edge to the central regions of a pre-stellar 
core embedded in a molecular cloud bathed by the interstellar radiation field 
(with reference to Figj5]to locate the various zones). At the outer edge of the 
pre-stellar core, photoprocesses are important and the ice mantles are just 
beginning to form. Here, oxygen atoms are transformed into water, carbon 
(still not locked in CO) into methane (CH4) and nitrogen into ammonia. Wa- 
ter dominates the mantle composition (probably reflecting the larger cosmic 
abundance of oxygen relative to C and N). Moving toward the dark-cloud 
zone (where the pre-stellar core merges with the molecular cloud within which 
it is embedded), UV photons are absorbed by dust grains, CO becomes the 
second most abundance molecule (after H 2 ) and the mantle starts to accumu- 
late CO. CO2 also starts to form, either via cosmic-ray bombardment ( [220] ) 
and/or via the CO+OH reaction ([319]; [221]; [3T7]; [169]). Here, the limited 
amount of CO freeze-out limits the degree of deuteration to levels of < a few 
% (as measured from the observed DCO + /HCO + abundance ratio; e.g. [84]). 
Deeper into the pre-stellar core, CO molecules are mostly in solid form, deuter- 
ation processes are dominant and the D/H ratio reaches values above 0.1 (see 
£4.1). When freeze-out is dominant, the main reactive species landing on dust 
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grain surfaces are atomic H and D. Thus, CO is not only hydrogenated into 
formaldehyde and methanol, but also deuterated. Large amounts of deuterated 
and multiply deuterated H2CO and CH3OH are produced (see £4.1). 



4.2.1 The origin of water 



Extra attention is given here to the production of water, because of its dom- 
inant presence in interstellar ices and its crucial role in our astrochemical 
origins. Recent measurements of water vapor toward a pre-stellar core with 
the Herschel Space Observatory and the use of chemical/dynamical/radiative 
transfer models, allowed [79] to measure a total mass of water vapor of 0.5 Earth 
masses within the central 10,000 AU and predicted about 2.6 Jupiter masses 
of water ice (thus, plenty of ice to boost dust coagulation and the formation of 
giant planets via core accretion models, e.g. |357j ). From observations of water 
ices in molecular clouds (e.g. |456j and references therein), it is now well estab- 
lished that water ice forms on the surface of dust grains in regions of molecular 
clouds where the visual extinction is at least 3 mag (when the impinging radi- 
ation field is close to the average Galactic value, called the Habing field; larger 
extinctions are needed for stronger fields). For lower extinction values, the 
interstellar UV field does not allow dust grain surfaces to accumulate a signif- 
icant amount of water molecules, as they are efficiently photodesorbed ( |321j ). 
Laboratory work shows that H2O can form via hydrogenation of atomic oxy- 
gen ([207]; [136]; [225]), molecular oxygen ([219]; [300]), ozone ([302]; [381]) 
and via OH + H2 at 10 K ( |318j ). As the abundance of water ice in molecular 
clouds, within which pre-stellar cores form, is already large (close to 10 -4 w.r.t. 
H 2 molecules; e.g. [457]), we now generally believe that the main production 
of water happens before the formation of a pre-stellar core, as also found by 
chemical models (e.g. [7]; |210j : [87] : [41 lj ). This suggests that also the produc- 
tion of heavy water must be regulated by the molecular cloud characteristics. 
This is an important point, as the HDO/H2O ratio is well measured on Earth, 
comets and asteroids (j |3.1| ), as well as in star- forming regions (j |5.4| ). There- 
fore, one could use our current understanding of surface chemistry and the 
observed HDO/H2O abundance ratios in star- forming regions to find the link 
between interstellar chemistry and the Solar System. 

Cazaux et al. ([86]) predict that significant variations in the HDO/H2O 
ratio can be attributed to small variations of the dust temperature at the time 
of ice formation. In particular, if the dust temperature is lower than ^15 K, 
the HDO/H2O ratio is predicted to be <0.01%, because, in these conditions, 
a large fraction of the dust surface is covered by H 2 molecules, allowing the 
reaction of H2 + O to proceed despite the large barrier of 3000 K ([318 did 
not find evidence in the laboratory that this reaction is indeed proceeding, but 
more laboratory work is ongoing to assess this). The HDO/H2O ratio in these 
conditions simply reflects the HD/H2 ratio, always close to the interstellar D/H 
value (~1.5xl0 -5 , |329| ). For dust temperatures above ~15 K, H 2 molecules 
do not stay on the dust surface for long (as their evaporation rate becomes 
an increasingly large fraction of their accretion rate) and water formation will 
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mostly happen via the reaction of oxygen with atomic hydrogen. As the gas- 
phase D/H ratio sharply increases above the cosmic deuterium abundance 
when ice formation takes place (see Figure 1 of [86 J, then the HDO/H2O ra- 
tio can be as large as a few %. In this scenario, our Solar System formed in a 
pre-stellar core embedded in a molecular cloud with dust temperature slightly 
above 15 K. Taquet et al. ( |411j ), using a multilayered formation mechanism 
of ice mantles ( |411j ). find that water is formed first on dust surfaces and 
that the HDO/H2O ratio depends on the (poorly constrained) ortho:para ra- 
tio of H2, on the cloud volume density and, to a lesser extent, on the dust 
temperature and visual extinction. However, water deuteration can also occur 
in the gas-phase: Thi et al. ([419 ) found that significant deuteration levels 
([HDO]/[H20] ~ 10 -3 -10 -2 ) can be produced without surface reactions and 
at high temperature (T > 100 K), in the inner regions of protoplanetary disks 
(j ]6.2| ). The fractionation occurs because of the difference in activation energy 
between deuteration enrichment and the back reactions. 



4.3 Complex organic molecules 

In the freezing cold of dark clouds and pre-stellar cores, active gas-phase 
and surface chemistry produce complex organic molecules (COMs). Since the 
'80s, organic molecules have been discovered in the TMC-1 dark cloud, part 
of the Taurus Molecular Cloud complex: methyl cyanide (CH3CN; [290 J, 
methylcyanoacetylene (CH3C3N, [67]), acetaldehyde (CH3CHO; EH]), ketene 
(CH 2 CO; [222]), methanol (CH 3 OH; [159]), methylcyanodiacetylene (CH3C5N, 
[404] ). methyltriacetylene (CH 3 C 6 H, [361]), propylene (CH 2 CHCH 3 , [281]), 
methyldiacetylene (CH3C4H), cyanopolyynes (HC211+1N, n=0,l,...,5) and C2 n +iN 
radicals ( P7| : [205] : [228]; [236]) and the negative ions C 6 H-, CgH" ([25T]; 
[72]). Complex organics have also been found in two pre-stellar cores: L183 
(CH3CHO; [289]; HCOOH, [372]) andL1689B (CH 3 CHO, HCOOCH3, CH3OCHO, 
CH2CO, [25 J. The chemistry of C-bearing species such as cyanopolyynes and 
CH3C5N can be understood if the gas-phase is carbon-rich (C/O ~ 1.2; [446 ) 
or if polycyclic aromatic hydrocarbons (PAHs) are included in the chemistry 
(with a standard C/O abundance ratio of ~0.4, [444 ). More problematic is the 
explanation of complex O-bearing species, such as methanol, which require sur- 
face chemistry. Garrod et al. ( |171j ) assumed that the energy released during 
the formation process could be at least partially used for the surface species 
to desorb upon formation, reconciling observations with theory for CH3OH 
and propylene (if the desorption of this species is efficient). Oxygen-bearing 
species more complex than methanol can also be formed on the surface of 



low temperature dust grains if a source of UV photons is present (£4.2). For 
example, in the laboratory experiments of [320], it has been shown that the 
photodissociation of CH3OH produces radicals such as CH3 and CH3O (re- 
cently discovered in a dark cloud by Cernicharo et al., in press), which can 
then recombine to form CH3OCH3 or react with CHO (probably produced by 
the photodissociation of solid CH4 and H2O, see below) to form CH3CHO and 
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HCOOCH3, respectively. Interstellar UV photons are expected to be impor- 
tant up to values of visual extinction of ^3 mag (e.g. |210| ). where CO is not 
yet significantly frozen onto dust grains (see Fig. [5|. Deeper into pre-stellar 
cores, a significantly more tenuous field of UV photons can be produced by 
the collisions of cosmic-rays with H 2 molecules ([360]; |187j ). It is not yet clear 
if this cosmic-ray induced field is able (i) to produce enough radicals, (ii) to 
furnish them enough energy to move on the surface, recombine and form com- 
plex molecules, and (iii) to release them into the gas-phase where they are 
observed (see also the discussion in |411j ). Consequently, it is not yet clear 
whether models are able to reproduce the abundances of complex molecules 
observed by [25] . 



In summary, possible first steps toward the formation of COMs in the ice 
(before the switch-on of the protostar) are: 

(1) Production and storage of radicals. In the molecular cloud within which 
the pre-stellar core forms, at Ay ^3 mag, interstellar UV photons can still 
partially dissociate important ice components (H2O and CH4) and some of 
the products can be trapped within the ice, which already contains significant 
fractions of water (e.g. |104j ). Alternatively, because of the multilayered na- 
ture of icy mantles, radicals can be stored in the inner layers during mantle 
formation ( |411j ). 

(2) Radical-radical reactions. As the density increases and CO starts to freeze- 
out onto the first water-dominated ice layers, the CO is transformed into 
CH3OH more and more with increasing freeze-out (given that with the freeze- 
out of CO and O, the H/O and H/CO abundance ratios in the gas-phase 
increase, as the number density of H atoms is kept about constant to 1 cm -3 
by the cosmic-ray dissociation and surface re- formation of H2 molecules) . The 
energy released during the formation of methanol is partially used by methanol 
itself to evaporate and partially released as heat on the icy surface, allowing 
some of the previously trapped radicals to move. The new radicals produced 
in the dissociation of CH 3 OH by cosmic-ray-induced UV photons (and prob- 
ably some of the intermediate compounds produced during the CO— ^CHaOH 
conversion) will then participate in the formation of the observed complex or- 
ganic molecules (e.g. [320 ). As for the case of methanol, the energy released in 
the process of formation of these COMs can be partially used to return in the 
gas-phase. The impulsive heating of dust grains due to the impact of heavy 
cosmic rays ([267 ) may also temporarily enhance the mobility of the stored 
radicals, allowing complex molecule formation. 

We emphasize that the above steps remain highly speculative and more ex- 
perimental and theoretical work is necessary to better understand the grain 
surface chemistry processes. Given that the observed COMs are building blocks 
of biologically important species, this once again underlines the importance of 
pre-stellar cores for the first steps toward our astrochemical origins. 
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Fig. 7 Temperature and density profile of IRAS16293-2422, the prototype for chemical 
studies in Class sources (from |117| V The colored boxes represent the four chemical 
zones described in the text: i) molecular cloud, ii) CO depletion, iii) Warm-Carbon-Chain- 
Chemistry (WCCC); iv) hot corino. 



5 The cocoon phase: protostars 

Once the collapse starts, the gravitational energy released at the center of 
the infalling envelope is converted into radiation. During the first phases of 
star formation, this is the main source of the protostar luminosity L* and 
it is given by L* = GM*M / R*, where M* and R* are the mass and radius 
of the central object, and M is the mass accretion rate. The approximate 
structure of the envelope, as derived by observations of the continuum and 
line emission (e.g. [91]; |231j : |379j ) is reported in Fig. [7] Both the density 
and temperature increase toward the center. Similarly, the velocity of the 
infalling gas increases with decreasing distance from the center with an r -1 / 2 
power law, although part of the envelope may not be collapsing yet. The 
infall motion has proved difficult to disentangle from the outflow motions, 
but high spatial and spectral resolution observations recently obtained with 
have succeeded to probe it unmistakably toward IRAS16293-2422 
([350 ). Finally, new Herschel observations provide a much more complicated 
picture where, at least in some sources, the cavity created by the outflowing 
gas is illuminated and heated by the UV photons of the central star, making 
the interpretation of the observed lines not straightforward ([440 ). 



3 The Atacama Large Millimeter/submillimeter Array. 
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5.1 The chemical composition of protostellar envelopes: a powerful tool to 
understand the present and the past 

Chemistry has been recognised to be a powerful diagnostic tool in several fields 
of astrophysics to understand the present and the past of the studied object. 
For example, at large scale, the chemical enrichment in stars throughout the 
Milky Way tells us about different star populations and ages, and, conse- 
quently, how the Milky Way formed (e.g. |186j ). Similarly, at much smaller 
scales, the chemical composition in protostellar envelopse tell us about their 
present status and past history. 

Figure [7] shows the approximate and very simplified density and temper- 
ature profiles of a typical protostellar envelope. To a scale of > 100 AU, a 
roughly spherical envelope heated by the internal new born star this is prob- 
ably a correct description. However, at smaller scales, the envelope is not 
spherical, because of the presence of a circumstellar disk (^6| and the presence 
of multiple sources, as in the case of IRAS16293-2422 and NGC1333-IRAS4 
(e.g. [472]), among the two most studied examples of solar- type protostars. 
Nonetheless, from a chemical point of view, four major zones can be identified 
(Fig. [7]): i) an outer zone, with the same chemical composition as that of the 
placental molecular cloud; ii) a CO depleted zone, usually called cold envelope, 
with the chemistry is very similar to that of pre-stellar cores (Q; iii) a CH4 
ice sublimation region, where the chemistry is dominated by the warm carbon 
chain chemistry, called WCCC, triggered by sublimation of the methane from 
the grain mantles; iv) the hot corino zone, where the chemistry is dominated by 
the water-matrix grain mantle sublimation and hot gas chemistry. The tran- 
sition between zones ii) to iv) is determined by the dust temperature, which 
governs the sublimation of the icy mantles, whereas the CO depleted region 
depends on the density and age of the protostellar envelope. In the following 
we summarise the characteristics of the four zones. 

Zone i) The chemical composition in this zone is similar to typical molecular clouds, 
with no particularly important freeze-out of species. Whether this zone is 
present or not in a protostellar envelope depends on the envelope density 
and age, which determines the existence of zone ii). 

Zone ii) As described in ^4j if the density and age of the envelope are high enough, 
molecules freeze-out onto dust surfaces. Important for the various reasons 
again described in Q is the region where CO freezes out, defined by a 
dust temperature lower than about 22 K. J0rgensen et al. ( |232j ) found 
that a large fraction of Class and Class I protostars have CO-depleted 
regions in their envelopes, typically where the density is larger than ~ 10 5 
cm -3 . Models of the chemistry in young protostellar envelopes provide a 
theoretical interpretation to these observations (e.g. |261j ). 

Zone iii) When the dust temperature exceeds the methane sublimation tempera- 
ture, ~ 25 K, the chemistry is governed by the injection of methane in 
the gas-phase, if the CH4 abundance is larger than ~ 10 -7 . In this case, 
CH4 becomes a major destruction partner for C + , starting the efficient 
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formation of C-chain molecules in the relatively warm (30-60 K) gas ([7]; 
|198j : |197j ). So far, only a few protostellar envelopes with very abundant 
C-chain molecules have been discovered. L1527 is the prototype of this class 
of sources, called Warm-Carbon-Chain-Chemistry (WCCC) sources ([383 ; 
[385]; |385j ). Note that the abundance of methane has been indirectly in- 
ferred in those sources by modelling the observed C-chain molecules, as 
gaseous CH4 does not have observable rotational transitions. 
Zone iv) When the dust temperature exceeds about 100 K, the grain mantles evap- 
orate and all species trapped in them are released in the gas-phase, giving 
rise to a rich chemistry, first discovered in high-mass protostellar envelopes 
and called hot core chemistry (e.g. [48 j), and successively unveiled in low- 
mass protostellar envelopes ([89]). However, as it will be discussed in detail 
in §5.2} the chemical composition of low- and high- mass cores is not iden- 
tical. 

The transition zones in Fig. reffig:il6293-structure are, of course, approximate, 
as laboratory experiments show that ice sublimation is a complex process 
where molecules are released into the gas through several steps at different 
dust temperatures (e.g. |442j ). Also, the outflows emanating from the central 
objects open up cavities which are directly illuminated by the UV photons 
of the new born star (e.g. [429] : |479] ; |440] ) . In these cases, large Photon- 
Dominated-Regions (PDRs) may dominate and mask the molecular emission 
from the various zones, depending on the extent of the cavity. 

As already mentioned, the presence of the WCCC zone (zone iii) depends 
on the abundance of methane in the dust mantles. Methane is formed, as the 
vast majority of the grain mantles, during the pre-stellar phase (Q. Specifi- 
cally, it is believed to form by hydrogenation of neutral carbon. However, in 
typical molecular clouds, neutral carbon is a rare species because of the effi- 
cient formation of CO. Therefore, to have a large quantity of iced CH4, one 
needs particular conditions, namely a relatively high abundance of neutral car- 
bon in the gas-phase. This occurs when the transition from the diffuse cloud to 
molecular cloud is very fast, and a substantial fraction of carbon atoms freeze- 
out into the grain mantles before the CO formation is achieved (e.g. [197 ). 
Therefore, the presence of a WCCC zone may be a signature of fast collapse 
([383 J, for example triggered by a shock from a nearby forming star or two 
encountering diffuse clouds. Alternatively, if the pre-stellar core is embedded 
in a relatively tenuous cloud, CO photodissociation could still play a role and 
led to a large amount of methane ice. Unfortunately, the limited number of 
observations do not allow us to go much further in the interpretation of this 
peculiar chemistry, and more studies are needed to fully exploit it. In the same 
vein, the chemical composition in the hot corino zone, as well as the observed 
molecular deuteration, are all largely influenced by the pre-stellar phase. These 
cases will be discussed in detail in the following paragraphs. 

Last, a potentially powerful diagnostic is provided by the relative abun- 
dances of isomers of the same generic formula. Since the interstellar chemistry 
is dominated by kinetics, different isomers have in principle the imprint of the 
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different chemical formation routes. Therefore, the isomer relative abundances 
help understanding the reactions at work and, consequently, how well we un- 
derstand the interstellar chemistry. A puzzling and interesting example is pro- 
vided by the isocyanic acid (HNCO) and its isomers fulminic acid (HCNO) and 
cyanic acid (HOCN), which have zero energies respectively 71 and 25 kcal/mol 
above HNCO. In cold gas, the HNCO/HCNO and HNCO/HOCN abundance 
ratios are about 50, whereas in warm gas HNCO/HCNO is about 50 and 
HNCO/HOCN more than 5 times larger ([280 ). The difference of abundances 
between the different isomers is thought to be due to the different chemical 
routes of formation and destructions ([364 ). However, the available gas-phase 
and gas-grain+gas-phase models have some difficulties in reproducing the ob- 
servations and the results very much depend on the assumption made on the 
CH2 + NO reaction rate coefficient. Even more puzzling, these models do not 
explain the observed difference in the HCNO/HOCN ratio between cold and 
warm sources. Marcelino et al. ( |280j ) speculate the presence of a mechanism 
that converts HCNO into HOCN, despite the large energy barrier necessary 
for the isomerisation. On the other hand, Lattelais et al. ( |257j ) already noted 
that a pseudo-isomerisation seems to occur to the majority of species where 
different isomers have been detected. They studied 14 species and 32 isomers 
and found that the larger the energy difference, the larger the abundance ratio 
between the most stable species and its isomer, with a few exceptions. They 
called it the "minimum energy principle" and its origin is still unclear, as the 
isomerisation barriers are generally very large and different isomers are formed 
from different "mother" species. 

Similar arguments on the diagnostic value applies for the isotopologues 
of a species. Nice examples are provided by the CCS and CCH studies by 
Sakai and collaborators (e.g. [382j; |384j ). Studying the abundance ratio of 
13 CCS/C 13 CS and 13 CCH/C 13 CH, they constrained the formation routes of 
CCS and CCH and demonstrated that the 12 C/ 13 C depends on the position 
of the carbon in the chain. 



5.2 The chemical complexity in hot corinos 

In the 90s, several abundant complex organic molecules (COMs) were dis- 
covered in an unbiased spectral survey of the prototype massive star forming 
region, the Orion Molecular Cloud ([48]). Soon after, a similar rich chemistry 
was observed in several other massive protostellar envelopes. The proprieties 
of the line emission indicate that these COMs reside in compact (< 0.01 pc), 
dense (> 10 7 cm -3 ) and hot (> 100 K) regions, soon called "hot cores". A 
simple and obvious interpretation is that the observed rich chemistry is due 
to the sublimation of some species from the grain mantles, called "mother" 
or "primary" species, and the synthesis of others, called "daughter" or "sec- 
ondary" species, thanks to the high gas temperature (e.g. |100j ). Almost two 
decades later, similar results were obtained toward the envelope of the pro- 
totype low-mass protostar IRAS16293-2422 ([96]; [89]), where several COMs 
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were detected. Since then, more low-mass hot cores have been discovered and, 
to distinguish them from the high-mass hot cores, they were called hot corinos 
(EDI; EB; [62]; [256]; [230]; see also the review by [203]). Hot corinos differ 
from hot cores not only for the smaller sizes, lower temperatures and densities, 
but also chemically. In fact, when normalized to methanol or formaldehyde, 
hot corinos have typically one order of magnitude more abundant COMs (such 
as HCOOCH3 or CH3OCH3) than hot cores ([90]; [62]; [203]; [325]; [TTT] V The 
difference in the richness and COMs abundances between hot cores and hot 
corinos is likely due to various factors. Among them, two certainly play a ma- 
jor role: i) the gas temperature, which governs the neutral-neutral reactions 
that often possess large activation energy barriers; ii) the composition of the 
sublimated ices, governed by the past pre-stellar history (Q. 

In addition to being weak line emitters and small objects, the study of 
hot corinos is also complicated by the fact that low-mass protostars are of- 
ten binary or multiple systems (as in the case of high-mass protostars). The 
hot corino prototype IRAS 16293-2422 is in fact a binary system and the two 
objects composing it, called A and B in the literature, show definitively a 
different chemistry (see for example the recent articles by [85] and [229 , and 
reference therein). To illustrate this aspect, Fig. [8] shows a sketch of the chem- 
ical composition of IRAS 16293-2422, based on the analysis of the single-dish 
unbiased spectral millimeter and sub-millimeter survey carried out by [85] and 
confirmed by the submillimeter interferometric unbiased survey of |229j . Four 
groups of species are identified: 

Group I: Millimeter lines from simple molecules, like CN and HCO + , are dom- 
inated by the cold envelope. Also, emission from simple carbon-chains are as- 
sociated with the cold envelope (see the discussion on their chemistry in £5.1). 
Group II: Source A is rich in N- and S- bearing molecules. 
Group III: Source B is rich in O-bearing COMs. 

Group IV: Molecules like CH 3 OH, H 2 CO, CH3CCH and OCS emit low-lying 
lines in the cold envelope and high- lying lines in the two sources A and B. 

The obvious question is: why are source A and B so chemically different? 
They must have had a similar composition of the sublimated ices, as they 
belong to the same core, so that the difference is probably originating from 
the different evolutionary status caused by the difference in mass of the two 
objects ([61]; [85]; |350j : |230j ). However, so far no attempt has appeared in the 
literature to theoretically model the two sources to understand what exactly 
causes the observed chemical differences. 

Finally, as mentioned in Q COMs are predicted to be formed on grain 
surfaces. Four fundamental steps are involved: i) freeze-out of atoms and simple 
molecules (such as O and CO) on the grain surface; ii) successive additions of 
H atoms to form hydrogenated species (such as CH3OH); iii) formation and 
trapping of radicals, such as CH3, on the grain surfaces; iv) combination of 
radicals to form COMs in the warm-up period. While laboratory experiments 
and quantum chemistry calculations have tested and quantified the second 
step, the third step is still a matter of debate. Garrod & Herbst [168] and 
subsequent works from the same authors assume that the radicals are formed 
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Fig. 8 Sketch of the chemical composition of the protostellar envelope of IRAS16293-2422, 
a protobinary system composed of two sources, A and B, as marked. The four boxes list the 
species in the different components of the system: species in Group I are associated with 
the cold envelope surrounding A and B; species in Group II are associated with source A 
and in Group III with source B; species in Group IV are present in the cold envelope and 
the two sources. 



from the secondary UV photons emitted by the interaction of cosmic rays with 
H2 molecules. Specifically, it is assumed that UV photons break iced species 
like CH3OH into radicals like CH3 and that the broken pieces remain frozen on 
the grains, which may not be necessarily the case. On the other hand, Taquet 
et al. |411j showed that radicals can indeed be trapped in the grain mantles 
without the intervention of UV photons, just because of the intrinsic layered 
structure of the forming mantle. 

However, it is important to emphasize that, whatever is the possible origin 
of the radicals, models still fail to reproduce the observed amount of COMs. 
For example, Fig. [9] shows the comparison between the observed and predicted 
methyl formate abundance normalized to the methanol one. Published models 
are off by at least one order of magnitude. Considering that COMs are also 
observed in pre-stellar cores (see Q and outflows (£5.3), something basic on 
how COMs are formed in the ISM must still escape our understanding. 



5.3 The chemical complexity in molecular outflows 



The birth of a star is accompanied by a violent and substantial ejection of 
material simultaneous to the accretion toward the central object. The process 
has an enormous importance in the star formation process because i) it allows 



Our astrochemical heritage 



29 




Fig. 9 Observed (red and blue crosses: hot corinos and cores) and predicted (continuum 
lines) methyl formate normalized to methanol abundance as function of methanol abun- 
dance. The blue lines refer to models of hot cores (172 and 254 ) and red lines to models 
of hot corinos (172 and 21). Figure from 411 , with permission. It is probably safe to 
assume that the plotted values are correct within one order of magnitude. 



the infalling matter to lose angular momentum and accrete onto the central 
object, and ii) the ejected material interacts with the surroundings, deeply 
modifying it and completely destroying, in some cases, the parental cloud 
(e.g. [265 ; [397]; [15]; Lopez-Sepulcre et al., submitted). The ejected material 
creates shocks at the interface between the outflowing jet and the quiescent 
material. Those shocks are chemically rich sites, showing a chemical composi- 
tion very similar to hot cores/corinos. In fact, in the shocks, dust grains are 
sputtered and vaporized releasing the mantle components and part of their 
refractory material into the gas phase. Moreover, shocked regions become hot 
enough to allow neutral-neutral reactions to take over and produce complex 
molecules. In the following, we will only review the studies on the chemical 
composition of the outflow shocks, leaving out the many and important ques- 
tions on the physical structure of the shock and the acceleration mechanisms 
of the jet. 

Although several molecular outflows have been observed and mapped in 
the past three decades, the study of their molecular complexity started much 
later. Bachiller et al. [22] were the first to show the chemical structure of L1157- 
Bl, considered nowadays a prototype for the studies of molecular complexity 
in molecular outflows. Toward this source, not only relatively simple complex 
molecules, like methanol, have been detected ([110 ), but also molecules con- 
sidered hot cores/corinos tracers, like methyl formate (HCOOCH3), ethanol 
(C2H5OH), formic acid (HCOOH) and methyl cyanide (CH 3 CN) ([T6]). High 
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spatial resolution observations show that emission of these species is concen- 
trated in a small region associated with the violent shocks at the head of 
the outflowing material ([107). The presence of COMs in molecular outflows 
strongly suggests that these species were part of the sputtered icy mantles (as 
the time elapsed since the shock is too short for any gas-phase route to build 
up COMs) and provides us with another piece of the puzzle regarding their 
formation. The abundances normalized to methanol are at least one order of 
magnitude lower in molecular outflows than in hot corinos. 

It is worth noticing the presence of species not even detected in other 
sources, like the phosphorus nitride (PN), whose abundance is only a few times 
10 -10 with respect to H2 ([477 ). In fact, molecular outflows can be considered, 
for some aspects, unique laboratories to understand interstellar medium chem- 
istry. For example, hydrogen chloride (HC1) has been recently detected with 
the Herschel Space Observatory in L1157-B1 ( |108j ). The measured abundance 
is 3-6 xlO -9 , practically the same value as in high- and low- mass protostellar 
envelopes (e.g. [344]) and about 200 times lower than the CI elemental abun- 
dance. This is a puzzling result, as chemical models predict that HC1 would 
be the major reservoir of chlorine and observational evidence suggests that 
L1157-B1 is a shock site where grains are sputtered/ vaporized and mantles 
almost entirely destroyed, as also suggested by the large fraction of silicon 
found in the gas-phase as SiO. Therefore, the low measured HC1 abundance 
raises the question "where is chlorine?". It is not in the mantle, but not even in 
the vaporized refractory material of dust grains where silicates reside. Is then 
chlorine in a significantly more refractory component than silicates? Which 
one? All questions that will need more observations to be answered. 



5.4 Water and deuterated water 

Water and deuterated water are special species, because of the hints on the 
Earth and Solar System formation that they bring (^3| and because water plays 
a leading role in the thermal and chemical evolution of protostellar envelopes 
([95]; |133j ; |427j ). However, since water lines can only be observed from out- 
of-the atmosphere telescopes, the water content in the envelope of solar- type 
protostars has been estimated only recently. 

Water abundance in hot corinos. The first estimates based on the Infrared 
Space Observatory (ISO) suggested that the water abundance in the hot corino 
region is only a few times 10 -6 (e.g. [91]). The more recent observations ob- 
tained with Herschel, with a much better spatial and spectral resolution, have 
confirmed that first claim with an increased reliability and in a larger number 
of sources ( |252j ; |250j ; [440]; |113j ). If, on the one hand, these observations 
confirm the old theoretical predictions that water should be abundant in the 
innermost and warmest regions of the envelopes surrounding Class protostars 
([95]: |116| ), they also raise the question why the measured water abundance 
is much lower than that expected, ~ 10 -4 , based on the ice measurements 
(§41). Finally, interferometric observations have shown that a compact H3> 8 
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Fig. 10 HDO/H2O abundance ration in the envelope of Class protostars and the 
L1157-B1 outflow shock. References: IRAS16293-2422 ([TT31), NGC1333- IRAS2A ([412]), 
NGC1333- IRAS4B ( 234 ), NGC1333- IRAS4A ([412]), L1157-B1 ([109]). The differences 
in the HDO/H2O abundance ratio probably reflect the differ ent c onditions, density and 
temperature, at the time when ice mantles formed (see ^4] and |7.2|>. 



emitting region is associated with the hot corinos/disk of a few Class sources 
([233] ; [346]). 

Water abundance in molecular outflows. Again, the first estimates of the 
water abundance in molecular outflows were obtained with ISO and gave abun- 
dances varying from ~ 10 -5 to ~ 10 -4 ( |271j : |316j : [3T]). Water in outflows 
was also the target of the Submillimeter Wave Astronomy Satellite (SWAS) 
and Odin satellite, which were tuned on the H 2 ground-state transition at 
557 GHz ( |157j ; [47] : [32]). More recently, the new Herschel observations are 
providing a mine of new information, allowing us to map the water emission 
along the outflow and to distinguish the water content in low to high velocity 
shocks. The Herschel maps show bright water emission at the shock sites of 
the molecular outflows ([316]; [30]; [252]; [46]; [45]). The study of the water 
abundance as a function of the velocity of the shock then shows that high 
velocity shocks are associated with larger water abundances ( |264j : |251j : [46] : 
[388] : [43T] : [30]), as predicted by the C-shock models ([239]). These models 
predict that H2O is formed in the gas-phase via reactions with large activation 
barriers (e.g. O + H2 and OH + H2; see also |211j ). Finally, interferometric 
observations show that the dense shock very close to the central source pro- 
duces a large quantity of water ( [266] ). 
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Deuterated water. The HDO abundance and HDO/H2O abundance ra- 
tio have been measured toward a handful of hot corinos, with different tech- 
niques. From single dish telescopes (IRAM 30m and ISO first, then Herschel) 
the HDO/H 2 has been estimated to be 3% in IRAS16293-2422 ([341]; [TT5] ) 
and >1% in NGC1333-IRAS2A ([272]). Estimates obtained with interferomet- 
ric observations of HDO and H^O lines give <0.06% in NGC1333- IRAS4B 
([233 ), and 14% and 22% toward NGC1333- IRAS2A and NGC1333- IRAS4A, 
respectively ([412 ). Note that the interferometric observations provide a di- 
rect, almost model-independent, estimate of the HDO/H2O abundance ratio 
as they do measure the extent of the emission and use the rare H3> 8 iso- 
topologue reducing the problem of line opacity. In summary, the HDO/H 2 
ratio has been measured toward four hot corinos: in three of them it is larger 
than a few percent, whereas in NGC1333- IRAS4B it is at least one order of 
magnitude lower. Herschel observations have also allowed, for the first time, to 
estimate the HDO/H 2 in a molecular outflow shock, L1157-B1 (0.4-2xl0~ 3 , 
[109 ), a likely direct measure of the deuteration in the ice. The situation 



is summarised in Fig. 10 The differences in the HDO/H2O abundance ratio 
probably reflect the different conditions, density and temperature, when the 
ice was formed (see Qand £7.2). 



Doubly deuterated water. Although it has a very low abundance, D2O has 
an important diagnostic power as it sets very tight constraints to models of 
water formation. So far, thanks to Herschel, D2O/H2O has been measured 
only toward the cold envelope of IRAS 16293-2422, with the observations of 
both the para and ortho forms of D 2 ([73]; [432]). The D 2 0/H 2 abundance 
ratio results to be 1-4 xlO -3 ( |113| ). Similarly, the para-D 2 0/H 2 toward 
the hot corino is ~ 5 x 10 -5 ([73 ). Assuming an ortho-to-para ratio equal to 
2 gives D2 0/H20~ 10 -4 . For example, comparison with the model by |413j 
indicates that the bulk of water was formed on grains when the cloud/envelope 
temperature was 10 K and the density between 10 4 and 10 5 cm -3 . In other 
words, when the density at the center of the IRAS 16293-2422 pre-stellar cloud 
reached 10 6 cm -3 , the oxygen not locked into CO was almost entirely already 
converted into water. 



5.5 Deuteration of other species 

As water, several molecules present large deuteration factors in low mass pro- 
tostellar envelopes and molecular outflows (e.g. |342j and |109j respectively). 
Figure [TT] presents a graphic summary of the observations of species with de- 
tected doubly or triply deuterated isotopologues. The deuterated ratios are 
extremely high, with enhancements of the D/H of up to 13 orders of magni- 
tude with respect to the elemental D/H abundance ratio. Given the conditions 
in the envelopes of the protostars (j |5.1| and Fig. [7]), the observed deuteration 
is mostly an inherited product of the pre-stellar phase (Q. Furthermore, for 
the typical physical condition where the deuterated molecules have been de- 
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Fig. 11 Measured deuteration ratios of singly, doubly and triply deuterated isotopologues. 
Based on the modelling of the formation of H2O, H2CO and CH3OH ( 86 ; |413p we spec- 
ulate that the increasing deuteration reflects the formation time of the species on the ices. 
References: H 2 0: [272], [113], [412], [73], [432]; H 2 S: [433]; NH 3 : [273], [426]; H 2 CS: [282]; 
H 2 CO: [92]; E221; CH3OH: [343], [3l0], |512) . 



tected, the measured deuteration ratios likely reflect the deuteration on the 
grain mantles (e.g. |101j ). 

We emphasize here that the deuteration ratio is not the same for all species. 
As mentioned in Q the lower deuteration ratio of water with respect to 
formaldehyde and methanol probably reflects the different epoch in which 
the bulk of the iced species has been formed (during the pre-stellar phase). 
Specifically, water is (mostly) formed before formaldehyde, and methanol is 
the last in the sequence ([86]; |410j : |413j ). Even though not specific modelling 
has been published for all observed deuterated species, we speculate that the 
sequence in the figure represents a temporal sequence of the species formation. 



Finally, the comparison between the singly and doubly deuterated iso- 
topologues provides some interesting additional information. First, if the deu- 
terium atoms were purely statistically distributed, namely just proportional 
to the D/H ratio, then it would hold: D-species/D 2 -species = 4 (D-species/H- 



species) -1 . As shown in Fig. 12 , this is not the case for the measured deuter- 
ation of H2O, NH3, H2CS and H2CO. As also noted by [73], this points to a 
change of the atomic D/H ratio during the formation of those species or to 
an origin from gas phase reactions. On the contrary, the statistical relation is 
roughly valid for H 2 S and CH3OH. This suggests that these two species have 
been formed on the grain surfaces in a very short time, when the atomic D/H 
ratio can be considered roughly constant. 
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Fig. 12 Measured ratios of singly to doubly deuterated isotopologues of the species marked 
in the plot. References as in Fig. |11| 



In summary, the observed deuteration ratios tell us that H2O, NH3, H2CS 
and H2CO were formed at various stages during the star formation process, 
with different values of the atomic gas D/H ratio. On the other hand, H2S and 
CH3OH were formed in a shorter time range. This behavior roughly agrees 
with the models of the formation of H2O, H2CO and CH3OH on grains, that 
predict that methanol is only formed at very late time, whereas water and 
formaldehyde are formed over a larger period of time ([86 ; [410]; |411j ). It is 
however possible that the species not close to the statistical value are, at least 
in part, gas-phase products. 

As a final remark, it is important to emphasize that low- and high-mass 
protostellar envelopes present important differences in the molecular deutera- 
tion. A clear example is provided by the CH2DOH/CH3OD abundance ratio, 
which is at least one order of magnitude larger in low-mass than in high-mass 
protostellar envelopes ( |366j ; |345j ). 



6 Toward planet formation: protoplanetary disks 

Starless and pre-stellar cores present evidence of overall (slow) rotation ([20J; 
|181j : [75]). thus they possess an initial angular momentum. As a natural con- 
sequence of angular momentum conservation, the collapse of pre-stellar cores 
produces flattened structures which harbor the future protoplanetary disks. 
Even non-rotating collapsing cores are expected to produce flattened struc- 
tures in the presence of magnetic fields, as explained in the following. As 
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ionized particles within the core are linked to the magnetic field lines, while 
neutrals only feel the gravitational field, a drag between ions and neutrals is 
established during the collapse phase (see Q. Galli & Shu ( j!65j : |166j ) found 
that during the collapse of a singular isothermal sphere (i.e. an unstable spher- 
ical cloud with a density profile proportional to r -2 , thus with a singularity 
in the center, [398]), the magnetic field, dragged by the flow, deflects the in- 
falling gas toward the midplane, forming a large (^2000 AU) "pseudodisk" . 
The magnetic field lines, initially parallel, are shaped as an hourglass, consis- 
tent with observations of polarization maps of the dust continuum emission 
toward young stellar objects (e.g. j!77j : |158j ). The twisting of magnetic field 
lines in the pseudodisk acts as a " magnetic break" , in the sense that it slows 
down the rotation by transferring angular momentum from the inner regions 
(which tend to rotate faster for angular momentum conservation) of the pseu- 
dodisk toward its outer parts ([28 ). Indeed, magnetic breaking is so efficient, 
that disks cannot form at all in ideal magneto-hydrodynamic (IMHEQ simu- 
lations of collapsing cores (e.g. [11]; |296j ; [200 ). More recently, the inclusion 
of non-ideal MHD effects, in particular the Hall effect^] ( [65] ; [249]), has helped 
to avoid this so-called magnetic breaking catastrophe, allowing disks of about 
100 AU to form (even without initial rotation of the collapsing cloud, [65). 
This has also been shown in simulations by [276 , who found rapid growth 
to >100 AU of the circumstellar disk when depletion of the infalling envelope 
is taken into account, and by [227 , who explored the case of magnetic fields 
non-aligned with the rotation axis and found less efficient angular momen- 
tum transport, allowing the formation of ~100-200AU disks, with masses as 
large as 10% the original core mass. These characteristics are similar to the 
young self-gravitating protoplanetary disks (we refer to them as "embedded 
disks") which can become gravitationally unstable (e.g. [258]; [59]; |140j and 
references therein; [55] : 043]) and which represent the starting point of our 
final journey toward the formation of a planetary system. Here we will focus 
on the chemical evolution (see [18] and [463, for comprehensive reviews on the 
physical characteristics and evolution of protoplanetary disks). 



6.1 Embedded disks: chemistry at the dawn of planet formation 

Young disks are embedded within the thick and massive envelopes of Class 
sources (see ^5|. Therefore, they are not easy to study and it is hard to put con- 
straints on theoretical predictions. Indirect evidence of young disks in Class 
sources is given by the presence of collimated outflows, observed with millime- 
ter and sub-millimeter telescopes (^5|. ALMA will of course revolutionize this 

4 IMHD assumes that the mass to magnetic-flux ratio is constant, which implies that 
magnetic field lines follow the gas motions, i.e. the magnetic field is "frozen" into the neutral 
medium. 

5 The Hall effect mainly operates at volume densities between 10 8 and 10 11 cm -3 ( 451 ), 
where the more massive charged particles (ions and charged dust grains) decouple from the 
magnetic field and collisionally-couple with the neutral gas. 
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-20000 AU 



Fig. 13 The earliest stages of a protoplanetary disk. Magnetic fields (yellow curves) and 
the initial rotation of the pre-stellar core lead to the formation of a flattened structure (the 
"pseudodisk" , size 2000 AU) surrounding the accreting protostar. In the central few hundred 
AU, the embedded disk can be self-gravitating, develop spiral structure and experience 
fragmentation. Molecules such as H2O and H2CO are good tracers of these central regions 
of young embedded disk ( |217| V 



field. After the pioneer work by, e.g., [97], [68] and [275 , further steps toward 
the characterization of these embedded disks have been made by [228], |235j 
and |147j . With the help of interferometric observations (able to filter out the 
surrounding envelopes), these authors found evidence of compact embedded 
disks in Class sources, with masses ranging from 0.04 to 1.7 M . Choi et al. 
([105]) observed NH 3 with the Very Large Array (VLA) and found a 130 AU 
circumstellar disk around NGC1333 IRAS4A2. With the IRAM Plateau de 
Bure Interferometer (PdBI), |234j measured water vapor (H^O) in the inner 
25 AU of the NGC1333 IRAS4B disk, suggesting the presence of a thin warm 
layer containing about 25 Earth masses of material. Toward the same object, 
|233j also set a stringent upper limit on the HDO/H2O abundance ratio to 
6xl0~ 4 (^5}. Pineda et al. ( [350] ) observed methyl formate with ALMA to- 
ward IRAS 16293-2422, a binary Class source in Ophiuchus (^5|, and found 
the first evidence of infall toward source B and evidence of rotation toward 
source A, consistent with an almost edge-on disk (see also |380j ). If confirmed, 
this could be the first chemically and kinematically characterized embedded 
disk (discovered with a complex organic molecule!). 
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What are the chemical model predictions of these embedded disks? Visser 
et al. ( |441j . [438] ) have been the first to self-consistently follow the chemistry 
in a two-dimensional axisymmetric model of a collapsing (initially) spherical 
and slowly rotating cloud, on its way toward the formation of a protoplanetary 
disk. The material infalling in the equatorial plane, within the centrifugal ra- 
diu^J forms the disk, whose evolution is also considered assuming no mixing. 
The disk-envelope boundary and the outflow cavities are well defined. Detailed 
predictions are given about the ice and gas-phase composition of the cloud-disk 
system at different evolutionary phases. At the end of the collapse phase, they 
find that disks can be divided in zones with different chemical history, which 
will ultimately affect the composition of comets formed in different zones. Dif- 
ferent results are found by |217j , who used the hydrodynamic simulations of a 
young and relatively massive (0.39 M ) disk by [54] as input in their gas-phase 
and simple surface chemistry network. Boley's disk resembles in mass and size 
the embedded disk mentioned above, it is non-axysimmetric and present com- 
plex spiral and physical structure, with shocks moving with the spirals arms 
(see Figure 13 , middle panel in the left, which reports the gas column density 
map). No accretion of material from the envelope and no outflow is consid- 
ered. Despite these assumptions, the disk structure is complex and its physical 
characteristics are continuously stirred by the rotating spiral arms. Because 
of this continuous mixing, |217j found no separated chemical zones as in the 
case of |438j , but they identified species able to trace the inner regions of the 
disk (such as H2O, HNO and NH3) and those tracing the spiral arms (e.g. 
H2CO and HCO + ). Examples of these column density maps are given in Fig. 
[l3| (bottom right panels), which also summarizes the various physical mech- 
anisms to be considered for a comprehensive study of the earliest stages of 
star formation: the collapsing envelope of a Class source (red semicircle) 
under the influence of magnetic fields (yellow lines and curves in the figure), 
the pseudodisk (blue), the central embedded disk (violet) and the outflow 
(orange) driven by the central protostar (red semicircle). Furuya et al.( |164j ) 
studied the chemical evolution of a molecular core toward the formation of 
the first hydrostatic core (protostellar precursor) using three-dimensional ra- 
diation hydrodynamic simulations. They show that after a first destruction of 
molecules, simple species such as CO, H2O and N2 reform and more complex 
molecules (CH3OH and HCOOCH3) can trace the first hydrostatic core, on its 
way to becoming a protostar. ALMA observations are needed to disentangle 
the various phenomena at work during the earliest stages of star formation, to 
test model predictions of collapsing magnetized pre-stellar cores and to unveil 
the physical and chemical structure of the embedded disks, precursors to the 
protoplanetary disks which will be reviewed in the next sections. 
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6.2 "Naked" protoplanetary disks 

The embedded phase of disks does not last long. After about 0.5 Myr since the 
birth of the protostar /disk/outflow system, the parent core envelope quickly 
disperses and the disk enters a new phase which lasts several Myr ([463 ). 
This is the TTauri (or Class II) phase. The disk mass is now only a few % 
the stellar mass ([463 ) and the motions are expected to be Keplerian. Despite 
being "naked" disks, thus easier to observe than during the earlier embedded 
phase, the physical and chemical processes at work are complex and more 



(interferometric) data are sorely needed to fully understand them. Figure 14 
shows a schematic picture of a TTauri disk, compiled from a combination of 
figures found in [322], [139], [395], [138] and [37]: (1) within the central 1 AU 
from the star, a pure gas disk and the dust inner rim are present. This zone 
is mainly probed by Br- 7 lines (e.g. [3TQ; EZZh EH; HEH), H 2 (EU; [155] ). 
as well as near-infrared lines of CO, H 2 0, OH ([386]; [77]; |358j ) and simple 
organic molecules ( |278j ). (2) Moving away from the central star, one finds 
the "puffed- up" inner dust wall ([313 J, clearly seen in the near-infared con- 
tinuum, where the higher temperature affects its vertical scale height, which 
is set by hydrostatic equilibrium. Within the central few AU, mid-infrared 
emission of H2O, CO and the organic molecules HCN and C2H2 have been 
measured ([25B]; [77]). Carr & Najita ([77]) note that the HCN/H 2 abun- 
dance ratio is largest in the most massive disks and speculate that this may 
be indication of the sequestration of H2O in the outer disk during the process 
of planetesimal formation. It is interesting to note that toward the disks sur- 
rounding the intermediate mass (~ 2 < M/M <8) Herbig Ae/Be stars, no 



6 The radius at which the gravitational force is balanced by the centrifugal force. 
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organic molecules have been detected ([359]; |387j ) and water is only seen in 
the far-infared at larger radii (~15-20AU; |149j ). probably due to the larger 
UV fluxes compared to TTauri stars. Beyond the "wall", the disk is thought 
to have a layered structure. (3) A photon-dominated region (PDR) is present 
all around the disk, which is exposed to the stellar and interstellar UV field, as 
well as the stellar X-rays. Here, forbidden line emission from the well-known 
PDR coolants, [CII]158/im, [OI]63/mi and 145 /mi, are observed ([407]; [356] ). 
although the [CII]158/im and the [OI]145/im are not always detected ([287J; 
[417 ). (4) A warm molecular layer. Just below the PDR zone, molecules sur- 
vive, although photochemistry is still playing an important role ([201 ; [17]). 
The gas and dust are warm and radical and ions dominate the gas composi- 
tion ([395 ). (5) A dark-cloud chemistry zone, where the temperature drops 
below 20 K, molecular freeze-out becomes important and simple species typ- 
ically found in dark clouds are detected: CO isotopologues with evidence of 
depletion ([141]; [143]; [362]), CN, HCN, HNC, CS, HCO+, C 2 H and H 2 CO 
f [T42] : [430] : [418] : [99]), N 2 H+ ([TH]). SO (HS21), CS ([145]), DCO+ ([458]), 
H 2 D+ ([94]), HDO ([93], but see [190]), HC 3 N ([9H]). Qi et al. ([363]) spatially 
resolved the emission of DCO + and measured the deuterium fraction across 
the disk of TW Hydrae, finding a range between 0.01 and 0.1, with a peak 
around 70 AU. They also measured the DCN/HCN abundance ratio, ~0.02, 
similar to that measured in the jets of material coming from the nucleus of 
comet Hale-Bopp ([294]). Oberg et al. ([322]) used the Sub-Millimeter Array 
(SMA) to image disks of six Taurus sources with spectral type from Ml to 
A4, finding similar intensities of CN and HCN lines in TTauri and Herbig 
Ae stars, but a significantly different chemical richness: deuterated molecules, 
N 2 H + and H 2 CO were only detected toward TTauri star disks, implying a 
lack of long-lived cold regions in the disks of the more massive Herbig Ae stars 
(see also [323 ). Water vapor in the cold outer disk has been detected toward 
TW Hydrae by |209] with Herschel, revealing a hidden large reservoir of water 
ice at large radii (between 100 and 200 AU). Indeed, ice features have been de- 
tected in the direction of edge-on protoplanetary disks by |415j and [213] . More 
recently, [4] measured with the AKARI satellite several ice features in edge-on 
Class II disks, including a faint HDO feature, which allowed them to measure 
a solid HDO/H 2 abundance ratio between 2% and 22% (significantly larger 
than the HDO/H 2 ratio measured in comets and in star-forming regions; see 
^3] and ^5|. (6) The midplane, characterized by cold and dense regions, with 
large amounts of molecular freeze-out, where only light species can survive 
([324]), in analogy with the central ^1000 AU of pre-stellar cores (Q. 

Several chemical models of this protoplanetary disk phase, with various de- 
grees of complexity, have been developed: X-ray chemistry ( [178] : [295] : [406 ), 
surface chemistry (e.g. [460]), accretion flows ([6]; [218] ). thermal balance 
([182 J, grain growth ([5 ; [436 ), UV continuum and Lya radiation ([35]; [154 ), 
turbulence-driven diffusion ( |476| : [459] ). viscous accretion, turbulence mixing 
and disk winds ([204 ; |199| ), photochemistry and wavelength-dependent re- 
action cross sections, ([448]), comprehensive physical, chemical and radiative 
transfer modeling ( |183j : [467]; [238] ). Despite the advances in chemical com- 
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plexity, large uncertainties are still present on several reaction rates ([435 ) and 
collisional coefficients, so that laboratory studies and theoretical investigations 
are still sorely needed to improve the reliability of modern astrochemical mod- 
els. Moreover, the large uncertainties in the process of dust evolution and 
coagulation in disks are also shaking our understanding of the disk chemical 
structure. Laboratory experiments (e.g. |191j ; [394]), numerical simulations 
(e.g. [482 ) and theoretical work (e.g. |131j : [465 ) are fundamental to progress 
in this field and an effort has to be made to link dust coagulation models with 
astrochemistry. 

As schematically shown in Fig.[l4j in the midplane the dust settles and 
coagulates with its thick icy mantles and larger grains tend to settle first (e.g. 
|137j ). The differential dust settling and the presence of some degree of turbu- 
lence mixing, maintains a population of small dust grains in the upper layers 
of the disk (see also [124 J. This includes polycyclic aromatic hydrocarbons 
(PAHs), ubiquitous in active star-forming regions ([422 ) and also present in 
protoplanetary disks, especially around the intermediate-mass Herbig Ae/Be 
stars (e.g. |193j ; pQ; |242j ; see also |237j for a recent review of PAH in disks). 
PAH features have been detected in only 8% of the less massive T Tauri stars 
([173 ). PAHs are not only important from an organic and pre-biotic chem- 
istry point of view, but also for the physical structure of disks, as they can be 
photoionized, releasing energetic photons which heat the gas, thus maintain- 
ing flared disk structures ([237 ). Moreover, PAHs boost the formation of H2 
molecules ( |192| ), thus the atomic-to- molecular transition in the upper disk 
atmospheres. Habart et al. ( |194j ) spatially resolved the 3.3 /mi PAH feature 
toward Herbig Ae/Be stars, finding that the emission originates from within 
30 AU of the star. In T Tauri stars, the less intense stellar UV field makes 
the detection of PAH features more difficult (as PAH features are excited by 
photons). Visser et al. ( |439j ) predict that PAHs in T Tauri disks can survive 
much closer to the star (down to about 0.01 AU for a 50-carbon atoms PAH) 
compared to the Herbig disks (down to 5 AU for PAHs with 96 carbon atoms) . 
However, |402j include the effects of extreme UV and X-ray components in 
their models and find very efficient PAH destruction also in T Tauri stars; 
by taking into account typical X-ray luminosities, |401) are able to reproduce 
the different PAH detection probabilities observed in T Tauri and Herbig Ae 
disks. Fedele et al. ( |150j ) found PAH emission co-spatial with the [OI]63/im 
line, i.e. in the photon-dominated zone of the disk of a Herbig star. As UV 
photons can break the weaker C-H bonds in PAHs and their carbon skeleton 
can also brake above a certain threshold of energy intake ([189 J, the presence 
of PAHs in the upper atmosphere of disks hints at some replenishing mecha- 
nism, possibly vertical mixing ( |401j ). which maintains a population of small 
grains mixed with the gas ( |137j ). Habart et al. ([193 j) suggest that the ob- 
served PAHs are evaporated from the icy grain mantles within the disk, while 
others consider them as the result of fragmentation of larger grains ([365 ). 
The mixing of PAHs within the icy mantles of dust grains, could provide an 
interesting starting point for the formation of more complex molecules, once 
dust grains start to coagulate and form larger bodies ([64]; [63]). 



Our astrochemical heritage 



41 



6.3 From debris to icy worlds 




2. Enhancement of 



1 . Coagulation of 
dust grains from pre- 
stellar core phase. 



chemical complexity after 
exposure to UV photons 
and X-rays during vertical 
and radial mixing. 



3. Toward a comet-like 
body: farther coagulation 
and reprocessing. 



Fig. 15 Sketch of a debris disk and a speculative history of a debris: 1. Dust grains with 
their icy mantles (blue rings) coagulate and form a fluffy structure, on top of which more ice 
can adsorb/form; 2. Exposure to UV photons and X-rays changes the inner structure of the 
grain and allows the surface icy mantle to be reprocesses and form a refractory carbonaceous 
material; 3. Further coagulation will lead to small rocks, composed by a mixture of the fluffy 
grains in 1 Sz 2 with their refractory organic material and "dirty" ice, glued together by a 
mixture of amorphous and crystalline dust material. 



The transition between protoplanetary disks and planetary system is far 
from being understood. As |463j pointed out, "exactly how and when proto- 
planetary disks evolve into planetary debris disks remains an open question" . 
In protoplanetary disks, there is plenty of evidence of dust grain growth ([29 ; 
[122] : [355] : [4TB] : [464] : [12]; [223]; [III]; [274]; [262]), dust settling ([135]; [74]; 
[123] : [163] ), dust processing (e.g. presence of crystalline silicates; [244] : [314J; 
[389] ; [297] ; [330] ; [373] ) , inner holes (probably carved by a planet or by photo- 
evaporation, [75]; [215] : [13] : [15] : [106 J). Debris disks are also observed, with 
their poor gas content and with evidence of large grains and/or planets ([475 ; 
[216 ; [573]). Despite all these measurements, the story behind grain growth 
and planetesimal formation remains obscure (see also previous sub-section). 
For example, one of the biggest challenges for planet formation theories is the 
so-called "meter-size barrier", where models show destructive collisions and 
rapid inward migration of meter-sized solids ([454 ; [463] ). Nevertheless, the 
presence of large grains in protoplanetary disks and the structure of our Solar 
System tell us that dust grains coagulate and evolve toward rocks, comets, 
asteroids, planet esimals, planets and moons. There are connections between 
the petrology observed in protoplanetary disks and that in our Solar System 
bodies. In fact, crystalline grains detected in comets ( [470] : [471] : [481] . who 
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also suggest aqueous alterations in the comet P81/Wild2) are mostly made 
out of Mg-rich olivine grains, consistent with observations of gas-rich TTauri 
disks. Fe-rich grains have been observed in several interplanetary dust particles 
(IDPs, e.g. [71]) and recently in warm debris disks ([330 ). Such Fe-rich grains 
may be due to a secondary alteration of the disk mineralogy (see also |315j ). 
probably originated within large differentiated bodies (as in the case of the 
S-type asteroid recently studied with the Hayabusa re-entry module; |312j ). 
In this scenario, planetesimals form with internal temperatures large enough 
(from the decay of short-lived radionuclides) to allow the melting and grav- 
itational segregation of silica and metals. Destructive collisions among these 
planetesimals would then contribute to the production of the Fe-rich particles 
found in IDPs and in warm debris disks and to the replenishment of small 
dust grains in our Solar System as well as in exo-zodiacal belts. 

Let us now retrace the history of a dust grain during the process of star and 
planet formation. The starting point has to be found within dense cores, where 
dust grains have thick icy mantles (see ^4] and Fig.[6| and show some evidence 
of coagulation (e.g. [246]; [336]), also found soon after protostellar birth, in 
Class objects ( |228j : |253j : |103j ). As we have seen in previous sections, these 
dust mantles are rich in water and simple organic material and the chemi- 



cal complexity in ices appears to increase with dynamical evolution. Figure 15 



show a schematic possible scenario of the formation of a debris in the late 
stages of evolution of protoplanetary disks: (1) soon after the formation of the 
protoplanetary disk, dust grains coagulate and become fluffy aggregates of the 
original icy dust grains. They may go through shocks during the early "stir- 
ring" of the embedded self-gravitating disks (Fig.[l3|. (2) During the "naked" 
T Tauri phase, some vertical and radial mixing may expose the fluffy aggregate 
to stellar and interstellar UV photons and stellar X-rays, so that icy material 
on the surface can partially be photodesorbed and partially reprocessed, with 
the production of radicals and formation of an organic residue on the surface 
(the yellow layer in the figure) and formation of complex organic molecules 
in the ice trapped within the aggregate. (3) Further processing and coagula- 
tion (including some crystalline dust reformed in the inner parts of the disk) 
could then lead to a cometary-like body, where "dirty ice" (i.e. ice mixed with 
complex organic molecules) is a major component. 

We are now ready to attempt assembling some pieces of the puzzle. 



7 Putting together some pieces of the puzzle 

7.1 Molecules in comets and solar- type protostars 

All molecules detected in comets are also observed in star- forming regions. 
However, the measured abundances in comets and Sun-like star formation 
regions are not the same. This is clearly shown in Fig. [l6j which reports the 
abundances, normalized to the methanol abundance, of species detected in 



various comets (see the reviews [309 and [49], and £3.2) and those in the 
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Fig. 16 Abundances (with respect to CH3OH) of molecules detected in comets (blue) and 
in the hot corino (red) and cold envelope (green) of IRAS16293-2422. References: for comets 
[309] and|49]: for IRAS16293-2422 [96], [1EQ and [89]. 



hot corino and cold envelope of IRAS16293-2422 (see £5.1). A similar plot is 
obtained also if the normalisation is done with respect to water rather than 
methanol. In general, species are more abundant with respect to methanol 
(and water) in IRAS16293-2422, both in the cold envelope and the hot corino, 
than in comets by more than a factor of ten. In other words, the chemistry in 
comets seems to be less rich than in both the cold envelope and the hot corino 
of IRAS16293. It is, therefore, probably fortuitous the rough correlation found 
in the abundance of a fewer molecules in comets and hot cores (e.g. [49]). 

Where does this difference come from? The molecules in the cold envelope 
of IRAS 16293-2422 are likely the product of gas-phase chemistry (but see the 
comments in Q in cold gas, where CO is largely frozen into the grain man- 
tles. Therefore, the systematic difference between the molecular abundances in 
comets and the cold envelope may point to different physical conditions, likely 
warmer, at the time of the comet formation. Similarly, the molecules in the 
hot corino are thought to mostly reflect the composition of the grain mantles 
during the pre-collapse phase, so that the difference in this case also suggests 
warmer conditions of the material when the cometary ices were formed. There 
are, however, also other possibilities. It is possible that the cometary ices have 
undergone a massive reprocessing of the molecular composition due to the long 
irradiation from cosmic rays and solar wind particles and UV irradiation. Or it 
is possible that our Sun's progenitor, in fact, did not resemble the IRAS16293- 
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Fig. 17 15 N/ 14 N versus D/H in comets, chondrites, hot spots in the IOM of meteorites 
and IDPs, SOM in meteorites, Earth, Solar Nebula and pre-stellar cores and protostellar 
envelopes. 



2422 protostar, which is rather isolated, whereas the proto-Sun likely was born 
in a crowded and much harsher environment (£3.5). Our census of the molec- 
ular composition in comets and in protostellar objects thought to be similar 
to the proto-Sun is still too poor to have a definitive answer. 



7.2 Origin of deuterated molecules in comets and chondrites 



For a long period it has been though that there is a link between the chem- 
istry in comets, chondrites and interstellar medium, especially because of the 
enhanced abundance of deuterated molecules (Fig. 17). It is possible that the 
link is not direct, meaning that it may not be due to the passage of the molec- 
ular deuteration from one phase to the next, during the formation of the Solar 
System. However, the link certainly exists because the chemistry regulating 
the molecular deuteration is common to all phases and it has to do with the 
low temperatures occurring during the star and planet formation. 

Two key parameters play a major role in the molecular deuteration, re- 
gardless of the details which depend on the spec ific molec ule: the ratios of 
H^D+ZHg" and of the atomic D/H in the gas (£4.1 and £5.5). Figure 18 shows 



how the H 2 D + /H3" ratio depends on the gas temperature. Another important 
parameter for this ratio is the abundance of gaseous CO, as CO is a ma- 
jor destroyer of molecular ions, being the most abundant heavy- atom-bearing 
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Fig. 18 Theoretical abundances of the H^j" isotopologues in the gas. The left panel (a) 
reports the plot of the ratio H2D + /Hjj~ as function of the gas temperature, for gas with no 
CO depletion. The right panel (b) shows the abundance ratio of all the H^" isotopologues as 
a function of CO depletion, for a gas with temperature 10 K. In both cases, the gas density 
is assumed 10 5 cm -3 (adapted from Ceccarelli & Dominik 2005). 



neutral molecule. In cold and dense regions, CO may freeze-out onto the grain 
mantles and disappear, therefore, from the gas-phase (j ]4.1| ). Figure 18 also 



as 



shows the dependence of the H^D+ZHg" and the other isotopologues of H 
a function of the CO depletion, namely how much the CO abundance is re- 
duced with respect to the standard molecular cloud value. In general, molecular 
deuteration exceeding 10% requires not only cold gas but also a substantial 
drop of the CO abundance in the gas-phase. 

Similarly, Fig. 19 shows how the gaseous D/H ratio, which governs the 



molecular deuteration of grain-surface product molecules (£4.2), varies with 
the CO depletion in different situations. Also in this case, large (> 10%) 
molecular deuteration can only be achieved in cold gas deprived of CO. 

Therefore, the relatively low water deuteration measured on Earth, in 
comets and in chondrites with respect to the values measured in the pre- 
stellar and protostellar phases suggest substantial remixing of water ices since 
their first formation. How much of the first ices remains in the terrestrial, 
comet ary and chondritic water is difficult to say but cannot be substantial. 
On the contrary, the extremely large deuteration found in the chondritic or- 
ganic material, both soluble and insoluble, testifies either the preservation of 
molecular species since the very first stages (where not only the temperature 
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Fig. 19 Theoretical abundances of the HDO/H2O (blue curves) and D/H (orange curves) 
as a function of the CO depletion, for three different densities and incident visual extinction. 
Dotted lines: 10 4 cm -3 and 2 mag; dashed lines: 10 4 cm -3 and 4 mag; solid lines: 10 5 cm -3 



and 10 mag. Courtesy of ( [411p 



was very low but also the gas was deprived of CO, £4.1), or the presence of 
similar conditions in some zones of the Solar System up to a late stage of the 
protoplanetary disk phase. 



7.3 The 15 N-enrichment in comets and chondrites 



In our Solar System, the 15 N enhancement spans a large range of values. As 
14 N/ 15 N is around 150 in comets, <300 in "primitive" material 



seen in £3.4 



(such as IDPs and carbonaceous chondrites), <100 in interplanetary dust par- 
ticles (IDPs) and carbonaceous chondrites "hotspots", where the largest D- 
and 15 N fractions have been measured (e.g. [298 J, ~450 in Jupiter's atmo- 
sphere (representative of the protosolar value), 272 on Earth. In pre-stellar 
cores (§41) , current data show a differential 15 N- fractionation between amine- 
and nitrile-bearing species, with the largest 15 N enhancement found in the 
latter (between 70 and 380 in HCN and HNC; [56 J, while no significant en- 
hancement is found in NH3 and N2H + , both highly D-fractionated. The situa- 
tion is summarised in Fig. 17 Thus, D- and 15 N- fractionations do not go hand 



in hand in all species within pre-stellar cores, resembling the mixed level of 
correlation between D- and 15 N-enrichments in primitive material of our Solar 
System. Moreover, the comet ary 15 N-enhancement has been measured in HCN 
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and CN, again suggesting a pre-stellar core origin. It will be interesting to find 
out if amines will ever experience significant 15 N at all during the pre- and/or 
proto- stellar phase. Wirstrom et al. ([466 ) predict large 15 N- fractionation 
in NH3 at late times (>a few million years), so maybe only relatively long- 
lived dense cores will have the chance to have both amines and nitriles highly 
15 N-fractionated. However, this has all to be tested with observations, which 
should be extended also to the starless cores found in massive star-forming re- 
gions (e.g. |458j ) to check if environmental conditions affect the fractionation 
process. As 15 N-enhancement has been measured in IOMs and amino acids 
trapped in carbonaceous chondrites (j ]3.4| ), amines in pre-stellar cores should 
also be able to experience significant enhancement, if a link between these two 
extreme stages has to be found ([56). However, we do not know if further 
processes within icy mantles or within the "rocks" made out of coagulated 
icy dust grains, during the proto-Sun stage, would affect the 15 N-fractionation 
in IOM and amino acids found in carbonaceous chondrites. Experiments are 
needed here. 



8 Concluding remarks 

Our chemical heritage is hidden in the large amount of information obtained by 
observations of Solar System bodies and star and planet-forming regions, and 
it needs to be deciphered. In this review, glimpses of links between the present 
star and planet formation in our Galaxy and the remote past of our Solar 
System have been given. A summary of these glimpses is given here, together 
with comments/open questions and suggestions for future developments: 

• Water on Earth. The total amount of water on Earth is > 2xl0 -3 Earth 
masses, a small fraction of the total amount of water vapor measured in a 
pre-stellar core (^800 Earth masses) and in a protoplanetary disk (~1.5 
Earth masses), and a negligible factor of the deduced water ice mass in the 
pre-stellar core and protoplanetary disk (at least three orders of magni- 
tude larger than the water vapor mass). Thus, a large water reservoir was 
originally available to seed a large number of Solar System bodies, as in 
fact observed in moons, comets, KBOs and asteroids. Tracing the forma- 
tion, storage and delivery of water will require more observations as well 
as a better understanding of the icy-dust coagulation process during the 
pre-stellar and protoplanetary-disk phases. 

• Complex organic molecules, COMs. Organic material in meteorites and 
IDPs is organized in aromatic and aliphatic compounds, carboxylic acids 
and amino acids, including those found in all living beings on Earth. PAHs, 
hydrocarbons and complex organic molecules observed in star-forming re- 
gions are a simpler version (building blocks) of the organic material found 
in Solar System bodies. Thus, interstellar COMs may have contributed to 
the formation of organic matter during the processing of coagulated icy 
dust particles once the proto-Sun was born. More experiments are needed 
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to confirm this statement. Moreover, COMs observed in comets have abun- 
dances relative to methanol more than a factor of ten lower than those 
measured in hot corinos, possibly suggesting that the hot corino condi- 
tions and chemical history may not be representative of our Solar System. 
It is also possible that the difference arises because of a substantial repro- 
cessing of the protostellar material during the protoplanetary disk phase. 
Finally, the chemical composition of the envelopes of solar-type protostars 
in crowded environments populated by massive stars, as suggested in the 
case of the proto-Sun, has not so far been studied, due to the sensitivity 
of the available instrumentation. The advent of ALMA should clarify this 
aspect in the near future. 

• D- fractionation in water. The HDO/H2O abundance ratio measured in 
comets is between 1 and 2 times that measured in our oceans (1.5 xlO -4 ), 
whereas in cold envelopes and hot corinos a larger spread of this ratio has 
been found: from < 6xl0 -4 to 0.2. Is the D-fraction in water set at the 
beginning of the star formation process or is it modified during the vari- 
ous phases of star and planet formation? Or does the water D-enrichment 
observed in hot corinos probe only the outer layers of the ices, those that 
sublimate first, while the bulk of the ice, less deuterated as probably inher- 
ited in the previous phases, remains frozen and hidden? Is this the ice that 
we observe in comets? And which process forms water in comets if it is not 
inherited? Is it surface chemistry, like in pre-stellar objects, or gas-phase 
chemistry? In order to answer all these questions, we will need to mea- 
sure the HDO/H 2 in different stages of the protostellar evolution and use 
observations to constrain detailed chemical models, where gas-phase and 
surface processes are linked, spanning a broad range of physical conditions. 

• D- fractionation in other molecules. The D-fractionation is an active process 
in the cold gas of molecular clouds and becomes one of the dominant chem- 
ical processes within pre-stellar cores, in regions where abundant neutral 
species (mainly CO and O) freeze-out onto dust grains. Here, the increase 
of the D/H elemental ratio in the gas-phase is thought to be responsible for 
the efficient deuteration of methanol, which happens on the surface of dust 
grains (as no gas-phase routes are available). Organic molecules such as 
methanol and formaldehyde observed in star-forming regions (in particular 
toward low-mass protostellar envelopes) display a D-fraction orders of mag- 
nitude higher than that measured in water. This differential D-fractionation 
of water and organics is also measured in comets, where DCN/HCN ~ 10 
times HDO/H 2 0. Similarly, in the hot spots of carbonaceous chondrites 
and IDPs, the D/H associated with organic radicals reaches values as high 
as 1%, suggesting, in this case, a direct link with the pre- and proto-stellar 
phases of the Solar System's formation. 

• 15 N- fractionation. 15 N-enrichments in HCN and HNC are measured in 
comets, with values similar to those observed in pre-stellar cores and Galac- 
tic star-forming regions. No significant 15 N- fractionation is measured in 
NH3 and N2H + , which are, on the other hand, highly deuterated during 
the pre-stellar core phase. Thus, no significant correlation is expected be- 
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tween D- and 15 N- fractionated material in Solar System bodies, as in fact 
measured. More observations of 15 N isotopologues of NH3 and N2H + in a 
larger sample of pre-stellar cores (also including massive pre- stellar cores) 
are needed to look for possible fractionations of these species and to under- 
stand if different environmental conditions affect the fractionation process. 

To further advance in this field, different communities need to join the 
effort and work together. In particular, the star formation and Solar System 
communities should continuously exchange new results and information on new 
measurements, experiments and theoretical developments. At the same time, 
laboratory work on molecular spectroscopy to identify the observed lines, on 
rate coefficients to understand chemical pathways, on surface chemistry and 
dust coagulation to understand ice formation and ice/dust evolution, as well as 
calculations of collisional coefficients required for radiative transfer studies are 
all necessary for a correct interpretation of observations. Finally, theoretical 
and observational astrophysicists and astrochemists should work together to 
make sure that, on the one hand, the best physical and dynamical model is used 
as input for astrochemical modeling and, on the other hand, the best physical 
parameters derived from the combination of observations, astrochemistry and 
radiative transfer, are used as input in the physical/dynamical models of star 
and planet-forming regions. To understand our origins, we cannot work alone! 
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